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 i 
Abstract 
The age of the youngest gold event at the Timmins West Mine is unknown. Scheelite geochemistry 
and geochronology at the TWM were constrained using WDS and EDS mapping, LA-ICPMS and 
MC-ICPMS analytical techniques. Trace element analyses by LA-ICPMS revealed scheelites 
mineralized from a common and oxidized fluid. Samarium-Neodymium isotopic analyses of 15 
scheelite grains yielded a linear regression isochron with a corresponding age of 2587  49 Ma 
(MSWD = 2.5) and εNdi, calculated from CHUR, of 1.01 ± 0.11 (2SD). A second internal isochron 
from a single scheelite grain yielded an age of 2516  88 Ma (MSWD = 0.64). Strontium isotopic 
compositions of scheelites have 87Sr/86Sri at 2.6 Ga varying from 0.70116 to 0.70178, 
corresponding to εSri, calculated from CHUR, of -0.05 ± 3.97 (2SD). Scheelite formation, and 
possibly gold, at the TWM was late compared to magmatic intrusions in the southern Abitibi. 
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1 Regional Geology and the timing of events in the Abitibi and 
surrounding subprovinces of the Superior 
1.1 Regional Geology 
The Superior province is a large craton, which is largely Archean in age that makes up part of the 
Canadian Shield. Isotopic age determinations of various assemblages have given it an age range 
of 3.1-2.6 Ga (Corfu 1993). This province contains 86% of Canadian gold production and one of 
its subprovinces, the Abitibi, produces 81% of gold in Canada, making the Superior province one 
of the largest gold producing provinces in the world (Dubé and Gosselin 2007). The Abitibi 
subprovince (Fig 1-1) is the southernmost subprovince in the Superior craton. It is bounded by 
the Opatica subprovince to the north, the Pontiac subprovince and Kapuskasing Structural zone 
to the southeast and the west, respectively. To the south of the Abitibi lies the Proterozoic 
Grenville Tectonic Front. The Abitibi stretches across the majority of northeastern Ontario and 
into a large portion of western Quebec, totaling almost 700km east to west and 350km north to 
south (Monecke et al. 2018) (Fig 1-1). Most gold deposits within the Abitibi fall under the sub 
category of lode gold and are also considered mesothermal and orogenic (Dubé &Gosselin 
2007). These deposits tend to be associated with areas of intense deformation and 
metamorphism, therefore distinguishing different assemblages and events can be difficult. The 
Abitibi is of great economic importance and has produced more than 4500t of Au, hosted in lode 
gold, intrusion centered and Au-rich VMS deposits (Monecke et al. 2018).  
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Figure 1-1 A map of Canada, highlighting the Superior Province and the Abitibi 
subprovince.  Shapefile spatial data processed in ArcGIS® from the Ontario Geological 
Survey and the Geological Survey of Canada. WGS 1984 projection. 
The Abitibi greenstone belt consists of various successions of folded volcanic and sedimentary 
rocks with intervening intrusives (Monecke et al. 2018). Uranium-lead (U-Pb) geochronology 
has been used to characterize various geological assemblages throughout the Abitibi 
subprovince. It was previously believed that the Abitibi was formed through the amalgamation of 
allochthonous terranes (Corfu et al. 1993). However, extensive evidence has been provided to 
demonstrate that in fact the assemblages are comprised of layers of autochthonous volcanics 
(Ayer et al. 2002). Ayer et al. (2002) showed that the geological assemblages within the Abitibi 
subprovince are laterally extensive. However, there are no localities where a full stratigraphic 
cross-section of known lithologies can be observed. Various unconformities and disconformities 
can be observed throughout the subprovince, particularly in the sedimentary assemblages. The 
Abitibi subprovince can be further subdivided into two belts, a northern belt and a southern belt 
(Corfu and Noble 1992). The main differences being that the northerly portion is extensively 
underlain by tonalite-trondjhemite-granodiorite gneisses, approximately 40% of outcrop area is 
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composed of intrusive rocks, has fewer ultramafic flows, more layered mafic packages and a 
slightly higher metamorphic grade (Corfu and Noble 1992, Monecke et al. 2018). 
Geochronology using U-Pb dating of zircons showed that both “belts” have comparable 
formation ages, and that the difference in plutonic rock exposure is likely due to differences in 
crustal levels between the northern and the southern Abitibi (Monecke et al. 2018).  
The generalized geology of the Abitibi subprovince is shown in Fig 1-2 and consists of 
metavolcanics, metasediments, and intrusive rocks that have been metamorphosed to variable 
grades. Two main structural trends are present across the Abitibi: the first is a series of major 
east-west trending faults which are sub-vertical (70°-90°) (Card 1990, Corfu 1993, Monecke et 
al. 2018); and the second are north-south trending faults on the fringes of large batholiths and 
other porphyritic intrusions (Card 1990, Corfu 1993). The majority of gold mineralization in the 
Abitibi subprovince is associated with the east-west trending faults and their offsets (Fig 1-2). 
Events responsible for producing massive gold mineralization in the Abitibi subprovince are still 
uncertain as older ages have been identified to the north of the subprovince, but hydrothermal 
mineral age-dating has shown much younger ages to the south (Bell et al. 1989, Jemielita et al. 
1990, Wong et al. 1991, Hanes et al. 1992, Anglin et al. 1996). Another large question 
surrounding the Abitibi subprovince is whether the regimes were largely compressional or 
extensional during formation (Ayer et al. 2002, 2005, Bleeker 2012). Figure 1-2 shows large 
clusters of economic mineral deposits, including many world class gold deposits such as 
Macassa in Kirkland Lake, and the Hollinger-McIntyre in Timmins, which lie to the north of 
these massive east-west trending regional scale faults. However, dating the mineralization 
remains problematic as common radiogenic systems used for dating do not partition into Au, and 
so it cannot be directly dated. Large world-class deposits within the Abitibi and elsewhere are 
becoming increasingly difficult to find. Therefore, it is necessary for a deeper understanding of 
 4 
geological events and more detailed exploration techniques to help uncover the next series of 
world-class gold deposits.  
 
Figure 1-2 A map of the generalized lithologies in the Abitibi and some associated gold 
deposits. PDDZ = Porcupine Destor Deformation Zone, CLLDZ = Cadillac Larder Lake 
Deformation Zone, KSZ = Kapuskasing Structural Zone. A black square is placed around 
the Timmins West Mine to the far West on the PDDZ. Shapefile spatial data for the 
basemap was obtained from the Ontario Geologic Survey and created in ArcGIS™. WGS 
1984 projection. 
Seven major lithotectonic assemblages and two metasedimentary assemblages make up the bulk 
of the Abitibi subprovince. These are the Pacaud, Deloro, Stroughton-Roquemaure, Kidd-Munro, 
Tisdale, Blake River, Porcupine and Timiskaming assemblages, from oldest to youngest. Details 
including the age of deposition and lithologic makeup of these assemblages are listed in Table 1-
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1. A generalized timeline of major events throughout the formation of the Abitibi is presented in 
Figure 1-3. Volcanism extends from 2740 to 2700 Ma, ending with the deposition of the Blake 
River assemblage. This period of volcanism was followed by the deposition of various alluvial 
and turbidite sedimentary sequences from 2700-2670 Ma. These volcanic and sedimentary 
sequences were intruded by several different generations of magmatism that are roughly coeval 
and subsequent to their deposition. The extensive early volcanism was followed by a period of 
marine sedimentation with intercalated calc-alkaline volcanics producing the Porcupine Group 
and a later period of terrestrial sedimentation with periods of alkaline volcanics creating the 
Timiksaming Group of sediments. It is interesting to note that the corresponding sedimentary 
sequences to the north have been dated 10 to 15 Ma older than the ones to the south (Monecke et 
al. 2018). A total of five deformation events have been established, although the exact timing and 
duration are not well constrained for the later events. While many deposits have been dated to 
have formed early, concurrent with syntectonic intrusives, the dating of hydrothermal minerals 
such as rutile, mica, tourmaline and scheelite provide evidence for late hydrothermal events in 
the southern Abitibi (Corfu 1993, Jemielita 1990). The young ages of these hydrothermal, gold 
associated, minerals indicate that some mineralization may have been deposited much later than 
originally suspected or that there was a significant re-setting event.  
Table 1-1 Lithotectonic assemblages of the southern Abitibi greenstone belt and their age 
range for formation and generalized lithology Data compiled from Ayer et al. 1999, Ayer et 
al. 2002, Ayer et al. 2005, Corfu 1993, Byrnes et al. 2017, and Monecke et al. 2018. 
Assemblage Age range 
(Ma) 
Lithology 
Timiskaming 2679-2669Ma Polymictic conglomerate, sandstone, distinct jasperoid clasts; 
some alkali volcanics. 
Porcupine 2690-2685Ma Wacke, siltstone, mudstone displaying bouma sequences, minor 
conglomerates and localized banded iron formations. 
Blake River 2704-2695Ma 
Tholeiitic basalt to calc-alkaline basalts and andesite 
Tisdale 2710-2704Ma Tholeiitic basalt, rhyolite, komatiite and intermediate to felsic 
calc-alkaline volcanics. 
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Kidd-Munro 2720-2710Ma Tholeiitic to komatiitic, some calc-alkaline volcanics. 
Stroughton-
Roquemaure 
2723-2720Ma 
Magnesium and iron rich tholeiitic basalts, minor komatiites and 
felsic volcanics. 
Deloro 2734-2724Ma 
Mafic to felsic calc-alkaline volcanics, commonly capped by a 
regionally extensive banded iron formation. 
Pacaud 2750-2735Ma Tholeiitic mafic volcanics, minor komatiite, intermediate to felsic 
calc-alkaline volcanics. Terranes dominated by extensional 
volcanism. 
 
Figure 1-3 Schematic diagram of the timing of events in the Abitibi and major 
metamorphic and structural events of the Kapuskasing Structural Zone. Data compiled 
from Corfu (1993), Ayer et al. (1999), Ayer et al. (2002), Ayer et al. (2005), Ketchum et al. 
(2008), Bleeker (2012), Bleeker et al. (2014), and Monecke et al. (2018). 
Intrusion-related gold deposits are occur throughout the Abitibi, particularly in the Timmins-
Porcupine and Kirkland Lake gold camps where many deposits are associated with syenite and 
quartz-feldspar porphyry intrusions (Robert 2001). Consequently, a great deal of U-Pb 
geochronology of zircons has been carried out to establish the timing of their crystallization and 
metamorphic histories and their relationships with gold-bearing veins. Corfu (1993) established 
three distinct suites of intrusives, which have also been identified by Ayer et al. (1999; 2002; 
2005) and Bleeker (2012). These three main plutonic suites are: synvolcanic, syntectonic and 
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post-tectonic (Ayer et al. 2002, 2005). Synvolcanic intrusions are similar in age and composition 
to the volcanic assemblages that they intrude, and have been dated to 2747-2698 Ma by U-Pb 
geochronology in zircons (Corfu 1993, Ketchum et al. 2008). These intrusions are largely the 
tonalite-trondjhemite-granodiorite (TTG) rocks with some mafic to ultramafic varieties (gabbro 
and diorite). They are locally associated with minor amounts of amphibolite facies 
metamorphism (Corfu 1993, Ayer et al. 1999, Ketchum et al. 2008). Their complex deformation 
and foliations suggests they were folded along with volcanic-host rocks, which is evidence that 
this group of intrusions are pre-tectonic (Beakhouse 2011). The syntectonic intrusive suite is 
coeval with major deformation episodes across the Abitibi, as seen in Fig 1-3 (Corfu 1993). It 
mainly consists of diorite, granodiorite, granite, quartz-monzodiorite and syenite-monzonite 
porphyries (Corfu 1993, Ayer et al. 2002, Monecke et al. 2018). The age of this group ranges 
from 2695-2672 Ma. Early tonalite and granodiorite intrusions from this group make up the 
largest batholiths, including Round Lake and Kenogamissi (Corfu 1993, Ayer et al. 2002, Ayer 
et al. 2005). Later syntectonic intrusions (2685-2673 Ma) range in composition from felsic to 
intermediate and intrude both the greenstone belt and earlier intrusives (Ayer et al. 2002). These 
are broadly coeval with the Timiskaming assemblage and the second deformation event (Fig 3). 
Compositions of this group are predominantly more potassic than their earlier counterparts, 
consisting largely of monzonites, syenites, granites and other more mafic phases such as gabbros, 
clinopyroxenites and lamprophyres (Ayer et al. 2002). The youngest intrusives are post-tectonic 
and range in age from 2670 to 2660 Ma and were deposited post-Timiskaming Group formation, 
occurring throughout the southern Abitibi (Ayer et al. 2002). They are massive and consist 
mainly of Algoma biotite granites and S-type granitoids (Ayer et al. 2002, 2005).  
The various porphyries occurring within the Timmins-Porcupine camp are a part of the 
syntectonic group, U-Pb dating of zircons resulted in a mean age of 2684.4 ± 1.9 Ma, within the 
range of early porphyries throughout the Timmins-Porcupine gold camp (Bateman et al. 2005). 
Other porphyries dated by U-Pb zircon analysis are summarized in Table 1-2, this includes the 
Pamour porphyry and albitite dykes of the Hollinger-McIntyre mine (Bateman et al. 2005). 
These yielded ages of 2677.5  2 Ma and 2677  2.2 Ma, respectively and are interpreted to be 
post D3 deformation (Bateman et al. 2005). These intrusives are cross-cut by gold bearing veins 
in many of the Timmins-Porcupine mines and provide a maximum age of gold mineralization in 
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the area (Bateman et al. 2005). Another interpretation is that these intrusives are more brittle, 
acting as a preferred host, and the mineralization is much younger (Bateman and Bierlein 2007).  
Table 1-2 Ages of intrusive rocks measured by U-Pb zircon analysis within the Timmins-
Porcupine camp determined by Bateman et al. (2005). 
Intrusion Age 
Pamour Porphyry 2677.5±2Ma 
Albitite Dykes 2677±2.2Ma 
Syntectonic intrusives 2684.4±1.9Ma 
1.2 Structure and Metamorphism 
The structural and metamorphic history of the Abitibi subprovince is quite complex as many 
deformational events succeed and overprint one another. Although there has been extensive 
structural mapping of the Abitibi subprovince, there is no widely agreed upon model for the 
structural evolution (Monecke et al. 2018). Two major east-west trending regional strike-slip 
faults are present in the Abitibi subprovince, the Porcupine-Destor Deformation Zone (PDDZ) 
and the Cadillac-Larder-Lake Deformation Zone (CLLDZ). These two deformation zones host 
almost all documented gold occurrences in the southern Abitibi subprovince either directly or on 
second and third order offsets (Fig 2) (Corfu 1993, Neumayr et al. 2000, Bateman et al. 2005). It 
is important to understand the timing of local and surrounding tectonic events to determine their 
association with gold mineralization. Gold emplacement in the Abitibi subprovince appears to 
have a strong connection with deformation events as gold-rich fluids are thought to have been 
mobilized along major crustal faults (Ayer et al. 2005, Bateman and Bierlein 2007, Bleeker 
2012, Monecke et al. 2018). Here, a brief overview of early and recent structural models and 
metamorphism are discussed to create an understanding of events that may be related to gold 
emplacement.  
Metamorphism across the Abitibi is lower-greenschist to greenschist facies, and locally reaches 
upper greenschist to amphibolite facies on the fringes of large batholiths and fault structures 
(Corfu 1993, Thompson 2005, Bateman et al. 2008). A constraint on the end of D5 deformation 
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is missing, but a late deformational event such as this may have a close relationship with gold 
emplacement (Jemielita et al. 1990). Deformation phases have been identified using U-Pb dating 
of zircons and overprinting relationships of folds and faults from early compressional regimes 
(Kerrich et al. 1987, Corfu and Noble 1992, Bateman et al. 2005). Peak metamorphism has been 
constrained to 2680-2640 Ma, with the most intense metamorphism occurring during 2660Ma 
(Powell et al. 1995, Ayer et al. 2005, Bateman et al. 2008). This is concurrent with the 
emplacement of syntectonic porphyry stocks that are commonly associated with mineralized 
quartz veins in Kirkland Lake, Val d’Or and Timmins-Porcupine camps (Powell et al. 1995). 
This sequence is illustrated in Figure 1-3.  
The Abitibi subprovince was first regarded as having formed through the amalgamation of 
lithologically diverse allochthonous sheets (Corfu 1993, Wyman et al. 1999). Ayer et al. (2002) 
was the first to propose that the Abitibi subprovince is a series of autochthonous layers that were 
deposited by volcanism and associated sedimentary events in situ. This is supported by the fact 
that key assemblages are laterally extensive across the greenstone belt, and they are largely 
upward facing (Ayer et al. 2002, Ketchum et al. 2008). Findings that the Kidd-Munro 
assemblage was displaced as a discrete fault on top of the Porcupine Group during a period of 
intense thrusting supports a compressional regime in which allochthonous sheets stacked as new 
terrane was pushed to the north, similar to the formation of the Grenville province to the South 
(Corfu et al. 1991, Corfu et al. 1993, Ketchum et al. 2008). However, Thurston et al. (2008) 
interpreted the sedimentary deposition between volcanic successions, consisting of BIFs, 
siliceous sediments and polymict breccias, to represent periods of slow or discontinuous 
deposition between active volcanism. Such observations support the theory of autochthonous 
construction by Ayer et al. (2002). There is not an area where a complete stratigraphic 
succession of known lithologies can be observed, likely due to intense deformation episodes and 
post-deformational erosion (Ayer et al. 2002). Ayer et al. (2002) states that the likely cause for 
this incomplete stratigraphy is the irregular distribution of volcanics and sediments during 
synvolcanic deformation events. Due to intense terrane imbrication, folding and thrusting it is 
possible that deformation may have been heterogeneous throughout the subprovince, a model 
which uses both autochthonous and allochthonous layering may be more suitable to explain the 
accretion of the Abitibi (Monecke et al. 2018).  
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Figure 1-4 Generalized stratigraphy of the Abitibi and associated tectonic and volcanic 
environments and their formation age ranges. Data from Ayer et al. (2002). 
Figure 1-4 shows a representation of the terranes and how they were deposited with fluctuation 
between extension and compression according to Ayer et al. (2002). The early volcanic Pacaud 
and Deloro assemblages were deposited at 2690 Ma into a subaqueous basin (Fig 1-3, Fig 1-4) 
(Ayer et al. 2002, Ayer et al. 2005). This event has largely been regarded as a period of extension 
and uplift leading to granitic intrusion emplacement (Robert 2001, Ayer et al. 2005, Bateman et 
al. 2005). Synforms that were produced during this first deformation event are infilled by 
Porcupine sediments, lending strong evidence to the Porcupine Group being deposited post D1 
(Ayer et al. 2002). East-west faults, such as the PDDZ and CLLDZ (Fig 1-2) have a steep 
northerly plunge and cross-cut and truncate early D1 thrust-fold structures. The timing of 
formation of these structures has been identified within the Duparquet basin to ~2700-2680 Ma, 
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during and after D1 deformation, with a change in movement at 2690Ma from steep, northerly 
thrusting to right-lateral transpression (Bateman et al. 2008). Ductile deformation along the 
CLLDZ is believed to have begun slightly later than the PDDZ, post-2675 Ma with a shift from 
left-lateral to right-lateral strain post-2669 Ma (Bateman et al. 2008). This early period of 
extension and uplift was followed by a large crustal shortening event, D2, identified by sinistral 
movement along faults lasting from 2687-2675 Ma (Ayer et al. 2002). This period was followed 
by a change to dextral compression in D3 regional deformation (Robert 2001, Bateman et al. 
2005). Syntectonic granitic batholiths are concurrent with the formation of major east-west 
trending faults and D2-D3 deformation episodes (Corfu 1993, Ayer et al. 2002, Bateman et al. 
2008). The D4 and D5 deformation events are both late compressional events producing 
continued strike-slip movement along regional breaks and later ductile remobilization (Bateman 
et al. 2005).  
More recently, Bleeker (2012) proposed a dominantly extensional-based model, with a period of 
thrusting and terrane imbrication before any regional extension and uplift. This is followed by a 
period of rapid extension, then a period of thick-skinned thrusting inverting extensional 
architecture. Finally, transpression followed by strike-slip sinistral to dextral deformation. The 
period of rapid extension and uplift occurred immediately after the deposition of the Porcupine 
Group sediments (deep water grey wacke turbidites) in this model. Movement along the PDDZ 
and CLLDZ is contradicted in Bleeker’s model (2012) where it is noted that there is no 
indication of movement along these major breaks during the 2695-2687Ma time period (Bleeker 
2012). An early fold-thrust terrane is described as northwest-southwest trending, and then a 
second brief period of folding, lasting from 2687-2685Ma, can be observed in the Porcupine 
syncline in the Timmins gold camp (Bleeker 2012). These two early events are considered D1 
and D2 deformation in Bleeker’s (2012) model. The D3 event is described as a period of rapid 
extension and basin uplift, beginning at 2680Ma (Bleeker 2012). This event resulted in the 
deposition of the synorogenic coarse conglomerates and sediments that make up the 
Timiskaming assemblage, as well as the emplacement of minor volcanics and alkali intrusive 
complexes (Bleeker 2012). Major breaks have been associated with synorogenic clastic basins, 
indicating that they were initiated during an extensional regime somewhere around 2680Ma, and 
coupled with major alkaline magmatism, which then served as major conduits for gold 
mineralizing fluids (Bleeker 2012).  
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In Bleeker’s model, the Timiskaming sediments were deposited during an extensional regime, 
rather than compressional to extensional (Fig 1-4). The largely extensional regime is then 
reversed at 2669 Ma to a renewed north-south compressional regime, bringing syenite and 
lamprophyre plutons to the surface and producing alluvial fan deposits in the Timiskaming 
basins (Bleeker 2012). This age was obtained by U-Pb age dating of detrital zircons in the 
uppermost clastic rocks of the Timiskaming Group (Bleeker 2012). The compressional regime 
continues in D4 and D5, with increasingly more intense north to south compression producing 
overturned faults and crustal thickening. This would cause the burial of clastic basins and the 
transition of large extensional faults to strike-slip faults (Bleeker 2012). Offsets on faults are 
largely sinistral with a transition to late dextral movement (Robert 2001, Ayer et al. 2002, 
Bateman et al. 2005). This intense period of crustal shortening could be responsible for the very 
steep plunge angles seen in the PDDZ and CLLDZ (Bleeker 2012). A final degeneration episode 
produced strike-slip movement along regional scale breaks, producing the dextral overprinting 
(D5) (PDDZ, CLLDZ) (Bleeker 2012). The D5 deformation event has been identified as very late 
and is represented by crenulation cleavage and retrograde deformation (Byrnes et al. 2017). 
Bleeker (2012) proposes an age of around 2650-2600 Ma and possibly younger for this late 
deformation event (Fig 1-3). The U-Pb age dating of monazites from auriferous veins at the 
Dome mine provided an age of 2640 Ma, ruling out the main extensional phase at 2680-2670 Ma 
to be the cause of gold emplacement (Bleeker 2012). Vein cross-cutting relationships with late-
syntectonic pluton emplacement and deformation features in assemblages, such as D4 and D5, 
would indicate that gold would not have been emplaced until after a large compressional regime 
that caused the overturning of the Timiskaming sediments. Although this extensional phase may 
have given way to features necessary for gold emplacement, such as syenite porphyry stock 
emplacement producing rheological contrast and large regional scale breaks, it is not necessarily 
what caused the mass gold mineralizing event. 
Both models of the structural formation of the Abitibi subprovince are plausible. There are some 
similarities that can be found, largely in the later deformation episodes such as the transition 
from sinistral to dextral movement on regional scale faults and a later strike-slip movement. 
Larger discrepancies concern the earlier phases and whether extension and uplift came first or if 
certain compressional features were emplaced early, leading to the sedimentation and infill of 
folds in the Blake River assemblage. What is pertinent to gold mineralization is mainly the early 
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formation of the PDDZ and CLLDZ and subsequent alkaline porphyry stock emplacement at 
around 2680 Ma and a later hydrothermal event perhaps produced by renewed D5 ductile 
deformation. 
1.3 Kapuskasing Structural Zone 
The Kapuskasing Structural Zone (KSZ) is a late Archean igneous province and represents the 
exposed late Archean lower crust of the adjacent subprovinces (Abitibi, Wawa) (Benn and 
Kamber 2009). It lies to the west of the Abitibi subprovince and truncates the PDDZ (Fig 1-2). 
Its proximity to crustal breaks in the Abitibi subprovince and late deformation could contribute 
to the remobilization of gold along breaks in adjacent subprovinces (Jemielita et al. 1990). Card 
(1990) described the KSZ as an east-west trending zone of high grade gneisses which are partly 
fault-bounded. It is a higher metamorphic grade than both the Abitibi and Wawa subprovinces 
(Card 1990). The fault which forms the main boundary between the high-grade gneisses of the 
KSZ and the lower greenschist facies rocks of the Abitibi is known as the Ivanhoe Lake Fault 
Zone (ILFZ) (Card 1990).  
There are two distinct metamorphic ages of the ILFZ at 2630 Ma and 2500 Ma (Krogh & Moser 
1994), based on U-Pb dating of zircons (Fig 1-3). These are younger than the ages in the 
structural zone and neighbouring subprovinces. Uplift in the KSZ resulted in the juxtaposition of 
amphibolite facies Kapuskasing rocks onto low-grade greenschist rocks of the Abitibi 
subprovince (Krogh & Moser 1994). Peak metamorphism occurs dominantly at 2660 Ma, 
determined by U-Pb age-dating of metamorphic zircon growth (Krogh & Moser 1994), which is 
similar to the age of peak metamorphism in the Abitibi subprovince. Metamorphic zircon U-Pb 
ages from 2660 to as young as 2580 Ma were also measured across the ILFZ (Krogh & Moser 
1994). The lack of new metamorphic zircon growth in the time period of 2690 Ma to 2660 Ma 
indicates that metamorphism here occurred as a series of discrete events rather than a continuous 
deformation event (Krogh & Moser 1994). Ages for metamorphism, granitoid gneisses and 
plutons are similar to the Abitibi subprovince and have been dated at 2690-2660 Ma. Clastic 
lithologic assemblages however, have been found to be 10 Ma younger than those in the Abitibi 
subprovince (Corfu et al. 1991). Late granite and granodiorite intrusives are also slightly younger 
and have been dated to 2637-2633 Ma and are typically associated with amphibolite facies 
metamorphism. Pegmatite dykes commonly occur with later granitoid intrusives, which have 
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been dated to be as young as 2582 ± 2 Ma (Krogh and Moser 1994). Pegmatitic granitic 
intrusives from the ILFZ are minor and post-date most of the magmatism in the surrounding 
subprovinces. The much younger ages of magmatism and metamorphism in the KSZ (2690-2580 
Ma) could correlate well with the later hydrothermal events that affected the Abitibi subprovince 
(Jemeliata 1990). 
1.4 Age-dating Gold mineralization 
One of the largest controversies surrounding world-class gold deposits is determining controls of 
mineralization. One of the most widely accepted theories for the mass deposition of gold in the 
Abitibi subprovince is that it is related to a late-kinematic event (Claoué-Long et al. 1990, 
Kerrich and King 1993, Ayer et al. 2002, Bleeker 2012). Although deformation events during 
late crustal growth, e.g., Blake River volcanism, were not necessary for mass gold deposition, it 
is possible, that it was a period where gold was available to be taken up in solution, and focused 
along conduits (Bateman and Bierlein 2007). Rapid chemical changes are necessary for gold 
deposits to form, and these changes may be related to late-crustal growth and syntectonic 
intrusion emplacement (Ayer et al. 2002, 2010). During periods of greenschist facies 
metamorphism, overlapping with granitoid intrusive emplacement, variations in pH, oxygen 
fugacity, sulfur fugacity and pressure occurred (Bateman and Bierlein 2007). Repeated 
metamorphism along first-order faults allowed for fractures to be re-opened for fluid transport 
and gold deposition to occur (Bateman and Bierlein 2007).  
Recent age dating results of intrusives that cross-cut mineralized veins, and dating of 
hydrothermal minerals demonstrate that there are at least two distinct gold mineralizing events in 
the mines in the Abitibi subprovince: An older generation of gold emplacement that is concurrent 
with syntectonic intrusion emplacement (~2680 Ma) and a younger, post-orogenic and post-
syenite intrusion emplacement, hydrothermal event of ~2600 Ma determined from using various 
radiogenic (39Ar-40Ar of micas, U-Pb zircon/rutile/titanite and 147Sm-143Nd of scheelite) systems 
found within hydrothermal gold related minerals (Table 1-2) (Masliwec et al. 1986, Bell et al. 
1989, Jemielita et al. 1990, Wong et al. 1991, Hanes et al. 1992, Anglin et al. 1996). The ages of 
the younger series could represent either a second young mineralization event in the southern 
Abitibi subprovince, or a re-setting event (McCuaig and Kerrich 1998). The problem in 
distinguishing between these two hypotheses lies in the difficulty of establishing the timing 
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relationships between dateable-accessory hydrothermal phases and gold. An overview of 
previous attempts to date Au mineralization in the southern Abitibi subprovince is presented 
below. 
Gold deposits within the Abitibi subprovince are categorized as quartz-carbonate vein-hosted 
lode gold by Dubé & Gosselin (2007). The major accessory sulfide mineral phases, in decreasing 
order, are pyrite, pyrrhotite and chalcopyrite (Dubé & Gosselin 2007). Trace amounts of 
molybdenite and tellurides may also be present, notably in the Kirkland Lake gold camp (Dubé 
& Gosselin 2007). McCuaig and Kerrich (1998) summarize the key characteristics that have 
been attributed to lode gold deposits. Several characteristics related to timing include that they 
are late-accretionary, near brittle-ductile transition periods, but have undergone long periods of 
accretion and deformation prior to gold emplacement (McCuaig and Kerrich 1998, Bateman and 
Bierlein 2007). Mineralization is usually syn- to post-peak metamorphism (Bell et al. 1989, 
Jemielita et al. 1990, Wong et al. 1991, McCuaig and Kerrich 1998, Ayer et al. 2002, Bateman 
and Bierlein 2007, Bleeker 2012). Deposits are structurally controlled and tend to be associated 
with major regional listric faults. This is seen in the high-angle reverse fault regimes that gold is 
spatially associated with (McCuaig and Kerrich 1998, Bateman and Bierlein 2007). There are 
also distinct elemental associations including As, Sb, Te, W, Mo, Bi, B with accessory 
mineralogy dominated by carbonates, mica (±albite), chlorite, pyrite, scheelite and tourmaline 
(McCuaig and Kerrich 1998, Dubé and Gosselin 2007).  
Typically, gold in the Abitibi subprovince is hosted by ultramafic to mafic volcanics and 
metasediments and commonly has a strong association with granitoid intrusions of variable 
composition (Card 1990; Corfu 1993; Ayer et al. 2002). These volcanics and intrusions can be 
dated to provide an uncontroversial maximum and minimum age of mineralization, however if 
no other intrusives cross-cut the mineralized veins then a minimum age cannot be determined 
without direct dating of a mineral associated with gold. At Red Lake, gold has been dated to 
2720-2700 Ma using cross-cutting intrusives over mineralized veins (Claoué-Long et al. 1990). 
This timing makes gold mineralization coeval with the period of early felsic plutonism in the 
region (Claoué-Long et al. 1990). Kitney et al. (2011) established ages at the Barry gold deposit 
in the Urban-Barry belt in the northern Abitibi subprovince using cross-cutting intrusives. The 
early epigenetic gold mineralization here was constrained to 2697  1 Ma using U-Pb zircon 
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dating of pre-mineralization diorite and post-mineralization quartz-feldspar porphyry (Kitney et 
al. 2011). This work created further support for the observation that in the Abitibi subprovince 
there are at least two key mineralizing events. This would put early gold mineralization at around 
the same time as D1 deformation. In contrast, northwest of Detour Lake, gold mineralization has 
been determined to be less than 2697 ± 1 Ma, based on the dating of inherited zircons in albitite 
dikes, cross-cut by gold mineralized veins (Ayer 2010).  
Table 1-3 Geochronology of gold deposits in the southern Abitibi greenstone belt showing 
obtained ages of hydrothermal vein-hosted minerals that were found to be associated with 
gold at their respective deposits. 
Location Mineral System  Age 
Hollinger Mine, Timmins. 39Ar-40Ar, muscovite 2617±3 Ma (Masliwec et al. 
1986) 
Davidson-Tisdale, Timmins 39Ar-40Ar, muscovite 2615±2 Ma (Hanes et al. 1992) 
Sigma-Lamaque, Val d’Or 147Sm-143Nd, scheelite 260033 Ma (Anglin et al. 1996) 
Sigma, Val d’Or U-Pb, rutile 2599±9 Ma (Wong et al. 1991) 
Camflo Mine, Val d’Or U-Pb, rutile 2600±3 Ma (Jemielita et al. 1990) 
Sigma, Val d’Or U-Pb, zircon 2704-2680 Ma (Claoué-Long et 
al. 1990) 
The majority of earlier attempts to date gold mineralization was through the use of 40Ar/39Ar 
dating of hydrothermal minerals associated with auriferous veins (Bell et al. 1989). These are 
presented in Table 1-2. 40Ar/39Ar ages of muscovite and alteration fuchsite from the Hollinger 
open-pit produced ages of 2570 Ma and 2573-2617 Ma, respectively. Fuchsite from the Dome 
mine gave 40Ar-39Ar ages of 2560-2633 Ma (Bell et al. 1989). Hanes et al. (1992) dated a coarse-
grained muscovite from auriferous veins in the Sigma mine, in Val d’Or, and the Davidson-
Tisdale property, in Timmins, and determined resulting ages of 2578  4 Ma and 2615  2 Ma, 
respectively. All hydrothermal minerals dated were concurrent with a young age of 
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mineralization, or at least a much later hydrothermal event. Bleeker (2012) notes that U-Pb age 
dates of zircons along with cross-cutting relationships imply late post-Timiskaming gold 
mineralization at the Dome and Pamour mines, which agrees with earlier work on hydrothermal 
micas. Gold in the Timmins-Porcupine camp is thus theorized to have been deposited relatively 
late, post-strike-slip movement (Bateman and Bierlein 2007). Relatively young U-Pb age dates 
of zircons in albitite dykes of the Hollinger-McIntyre deposit are 2672  1 Ma (Ayer et al. 2005). 
This agrees with Bateman et al. (2005) who determined an age of mineralization of 2672  7 Ma 
at the McIntyre mine, which is also ~20 Ma younger than the porphyries that host the gold. The 
zircons that were dated are not necessarily concurrent with gold deposition, however, they do 
provide compelling evidence for a young age of gold mineralization, much younger than 
magmatic events in the southern Abitibi (Ayer et al. 2005, Dubé and Gosselin 2007).  
Gold cannot be directly dated as it does not contain any radiogenic system pairs, such as Re-Os 
in molybdenite. Ideally, a mineral that is contemporaneous with gold mineralization and contains 
high concentrations of REE could be used to provide a precise age of gold formation. High 
concentrations of REE permits the use of the long-lived radiogenic system 147Sm-143Nd, both of 
which are REE and have similar geochemical properties. As noted previously, common 
accessory minerals in quartz-carbonate vein-hosted lode gold deposits that can be dated include 
tourmaline, mica, molybdenite and scheelite, all of which can host radiogenic systems pairs. 
Scheelite is of great interest as it is a widespread accessory mineral in hydrothermal gold 
deposits, has been shown to be paragenetically related to gold mineralization (Bell et al. 1989) . 
It is very useful as it contains high concentrations of REE, thus the Sm-Nd radiogenic pair can be 
used to date scheelite deposition, and possibly the timing of gold mineralization. As well, the 
commonality of scheelite within Archean lode-gold deposits provides a potential new tool to 
compare REE budgets of gold bearing fluids among mines and mining camps and age-dating 
technique to place additional chronological constraints on gold formation events. 
In Timmins, gold-bearing veins at the Hollinger, McIntyre and Coniaurum mines were dated by 
Bell et al. (1989) using vein-hosted scheelite. These deposits are hosted within the metavolcanics 
of the Tisdale Group and are associated with quartz-feldspar porphyries and later albitite dykes 
(Wood et al. 1986). The mineralized quartz veins consist of pyritic-ankerite and carbonate-
sericite alteration envelopes that have been superimposed on the volcanics and intrusives. Bell et 
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al. (1989) determined a Sm-Nd age of 2403  47 Ma for vein-hosted scheelite, which is much 
younger than any other hydrothermal age found within the Abitibi related to gold (Anglin et al. 
1996). Samples from this study however were found to be not well constrained in terms of 
structural setting and their paragenetic relationship with gold (Anglin et al. 1996). Anglin et al. 
(1996) provided an isochron age of ~2600 Ma for gold mineralization based on scheelite and two 
tourmaline samples at the Sigma-Lamaque deposit in Val d’Or. The scheelite samples in this 
study were only selected where a strong textural relationship with gold, indicating a coeval 
relationship, could be demonstrated. Sigma-Lamaque has been dated using other hydrothermal 
vein-hosted minerals such as U-Pb in rutile and 40Ar-39Ar in vein micas (Wong et al. 1991). All 
ages were similar to the 2600 Ma obtained by Anglin et al. (1996). Jemielita (1990) attempted to 
date titanite, rutile and scheelite at the Camflo mine in Val d’Or. The blocking temperature of 
titanite is above regional metamorphic grades, and the closing temperature of U-Pb in rutile is 
~400C, indicating that the U-Pb system likely remained closed and the age was not a resetting 
age (Jemielita et al. 1990). Titanites were selected from quartz-feldspar porphyries within the ore 
zone and quartz-carbonate veins, samples were also taken from a vein containing titanite, rutile, 
gold and scheelite for conducting U-Pb isotopic analyses. Ages for rutile fractions from the 
scheelite and gold-bearing veins were of 2600  3 Ma, which are younger than the ages of 
titanite and rutile fractions from the scheelite-free gold-bearing veins, which were 2627 ± 27 Ma 
and 2633 ± 3 Ma, respectively (Jemielita et al. 1990). The similarity in age of scheelites dated by 
Anglin (1996) and rutile by Jemielita (1990) further indicates that resetting is not a problem as 
multiple systems, in multiple minerals, are concordant.  
Kerrich and King (1993) obtained a U-Pb hydrothermal zircon age of 2682  2 Ma from Sigma-
Lamaque in Val d’Or, which is in agreement with previous U-Pb SHRIMP ages of hydrothermal 
zircons at ~2680Ma at Sigma-Lamaque by Claoué-Long et al. (1990). These ages relate the 
timing of gold to late-tectonic events and early metamorphism, consistent with their proximity to 
large listric faults. However, Jemielita (1990), Wong et al. (1991), Hanes et al. (1992) and 
Anglin et al. (1996) suggest that gold would mineralize ~80-100 Ma after magmatism and 
~60Ma years after peak metamorphism (King and Kerrich 1993). Late thermal events associated 
with the emplacement of S-type granites, 2645-2611 Ma (King and Kerrich 1993), could be 
responsible for this later mineralizing event. The potential relationship of gold in greenstone 
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belts to greenschist facies metamorphism make a late hydrothermal event difficult to prove. It is 
important to note, however, Bleeker’s (2012) model of accretion of the Abitibi subprovince 
places movement along large-scale listric faults to as late as 2600 Ma. Late ductile deformation 
along these conduits could explain a late hydrothermal gold deposition event. It has also been 
proposed by Jemielita (1990) that this late hydrothermal event could be related to the late 
metamorphism in the adjacent Kapuskasing structural zone. However, this would not explain the 
late mineralizing events that have been found much further east in Val d’Or, which is underlain 
by Pontiac sediments (King and Kerrich 1993). Kerrich and King (1993) suggested that these 
younger ages must be a resetting event. An alternative explanation for the disparity between 
older and younger ages determined from hydrothermal minerals associated with gold is that there 
are at least two different gold mineralizing events. The presence of gold and scheelite inclusions 
in older zircons provides strong evidence that the dated zircons are contemporaneous with gold 
mineralization at these localities and that gold may be associated with late deformational events 
(2720-2670 Ma). As well, younger ages of ~2600 Ma (Bell et al. 1989, Jemielita et al. 1990, 
Wong et al. 1991, Hanes et al. 1992, Anglin et al. 1996) are representative of a late-hydrothermal 
event which came after major kinematic and intrusive events in the southern Abitibi.  
The Kerr-Addison deposit is located within the CLLDZ east of Kirkland Lake. Here gold is 
hosted within quartz veins that cross cut tholeiitic volcanics as well as albitite dykes (Robert & 
Poulsen 1997). Gold in Kirkland Lake is also inferred to be younger than deformation that 
produced folds within the Timiskaming group trachyte (2677  3 Ma) leading to the conclusion 
that this array of quartz veins formed during a late-stage kinematic event within the Abitibi 
subprovince (D4-D5) (Robert and Poulsen 1997). The Kirkland Lake deposit is hosted within 
syenite stockworks that intrude felsic volcanics and sediments as well as mafic tholeiites. These 
young ages for gold mineralization give evidence that high-level magmatism and metamorphism 
is not the direct source for some gold deposits in the southern Abitibi. However, it has been 
shown that gold is coeval with regional magmatism and metamorphism in the more central and 
northern Abitibi (Corfu et al. 1989, Corfu 1993). 
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1.5 Scheelite 
Scheelite (CaWO4) is common in skarn, porphyry, hydrothermal vein and metamorphic 
stratabound deposits (Klein & Hurlbut 1999, Xiao and Schmidt 2017). It is the most important 
economic W mineral (Klein & Hurlbut 1999). Scheelite, and its synthetic derivatives have many 
industrial applications such as solid oxide fuel cells, photocatalysts and luminescent materials 
with promising uses for lighting and displays (Klein & Hurlbut 1999, Xiao & Schmidt 2017). 
Scheelite is tungstate mineral, naturally occurring tungstates are dominantly present as one of 
two basic forms, either as scheelite (CaWO4) or wolframite ((Mn, Fe)WO4). Larger cations (Ca, 
Sr, Pb, Ba) tend to produce a tetragonal scheelite structure (Fig 1-5) while smaller cations (Mn, 
Fe, Ni, Zn) form a monoclinic wolframite structure. A complete solid solution series also exists 
between scheelite and powellite (CaMoO4) (Xiao & Schmidt 2017).  
The basic form of scheelite is tetragonal dipyramidal, and has 4m (4 sides) symmetry, which 
makes its structure relatively simple (Klein & Hurlbut 1999) (Fig 1-5). Each Ca2+ cation is bound 
with eight O atoms, forming a [CaO8]
-14 irregular dodecahedral group (Xiao & Schmidt 2017), 
which is connected with [WO4]
-2 tetrahedra. This forms a tetragonal dipyramidal crystal 
structure. Scheelite can be several colours including white, pale yellow, pale brown, brownish 
yellow, reddish orange and reddish yellow (Klein & Hurlbut 1999). It has distinct cleavage along 
the {010} axis and is very dense (5.9-6.1 g/cm3) (Klein & Hurlbut 1999). It is very brittle and 
has a similar hardness to fluorite and apatite (4.5-5), commonly forming a massive-granular 
texture (Klein & Hurlbut 1999, Xiao & Schmidt 2017). A particularly distinct characteristic is 
that it fluoresces under UV light, either as a yellow-white or a blueish-white colour, depending 
on the elements substituting into its structure (Klein & Hurlbut 1999). The fluorescence of 
scheelite that contains more than a few wt% Mo changes from blue to yellow (Hsu and Galli 
1973). As the ionic radii of REE are similar to that of Ca2+, large quantities of REE, Sr, Nb, and 
Pb can substitute into the crystal structure of scheelite (Xiao & Schmidt 2017). This makes 
scheelite ideal for both radiogenic age-dating as well as comparing REE budgets and possibly 
constraining the oxidation state of the fluid. 
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Figure 1-5 Simplification of scheelite crystal 
structure. Tungsten tetrahedra are shown in 
purple, calcium sites are shown in red. 
 
A great deal of work has been done to characterize scheelite geochemistry, and how it can be 
applied to the understanding of the fluid evolution of hydrothermal gold systems (Ghaderi et al. 
1999, Brugger et al. 2000). Although geochemical data and its applications for scheelite from 
lode-gold deposits remain scarce. Considering scheelite has been found to be associated with 
gold in many Archean-age lode-gold deposits, their geochemical signatures could yield useful 
deposit information. Scheelite commonly contains 10-5000 total ppm REE (Uspensky et al. 
1998, Brugger et al. 2008), and reveals the REE signature of Au-(W) deposits, at least at a local 
scale at the time when scheelite was mineralized. The REE signature can provide information on 
deposit type, possibly the ligand that transported gold, redox environment, pH and temperature 
of the fluid and of course age dates using the 147Sm-143Nd radiogenic pair (Bell et al. 1989). The 
ionic radii of REE (the charge being 3+ except for Eu and Ce which can be both 2+ and 3+ ) are 
similar to Ca2+, therefore they can be incorporated in trace amounts in any Ca-bearing major or 
minor rock forming mineral (Migdisov et al. 2016). The size and shape of the available 
crystallographic site will determine whether a mineral incorporates light, middle or heavy REE 
(Migdisov et al. 2016). The change in the size of the Ca2+ site, which changes over a period of 
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substitution due to lattice distortion from 1.12 to 1.00 Å, can affect which elements will be 
preferred for substitution (Poulin 2016). If a large amount of Sr is substituted into scheelite the 
lattice may be distorted to 1.26Å compared to the 1.12Å of Ca2+. Three possible substitution 
mechanisms were proposed for REE into scheelite by Ghaderi (1999) where REE3+ substitutes 
for Ca2+. This requires a certain charge compensation in most cases as almost all REE are 
trivalent (with the exception of Eu2+ and Ce4+) and Ca is only divalent cation.  
(1) 2Ca2+ = REE3+ + Na+ 
(2) Ca2+ + W6+ = REE3+ + Nb5+  
(3) 3Ca2+ = 2REE3+ + Ca site vacancy 
Ghaderi (1999) hypothesized that the first substitution mechanism was only present in scheelites 
that precipitated from high salinity fluids. It was later argued by Brugger et al. (2000) that the 
first mechanism is always preferred and the other two are not generally observed, based on 
scheelite compositions from the Yilgarn Craton in southwestern Australia. The first substitution 
mechanism is the most stable option as it does not leave a site vacancy and Nb abundances tend 
to be low in Au-(W) vein hosted deposits. Brugger et al. (2000) and Brugger et al. (2002) found 
with SIMS analyses of scheelite that Na concentrations correlate with REE concentrations. 
Scheelites that had lower total REE (∑REE) concentrations overall also had lower sodium 
activities, indicating that the first substitution mechanism is likely the preferred method for all 
scheelites. An exception is from the Meguma terrane of Nova Scotia in Canada where a positive 
correlation between Nb and ∑REE was observed in scheelite from a vein-hosted gold Au deposit 
(Dostal et al. 2009). Nevertheless, Na was not reported by Dostal et al. (2009) so it is difficult to 
evaluate the substitution mechanism. However, work on scheelite characterization in skarn type 
deposits shows a positive correlation between Nb-Ta concentrations and ∑REE (Song et al. 
2014, Ding et al. 2018). Thus, it could be the deposit type, and therefore the fluid conditions, 
contents, and wall-rock interaction that control the substitution mechanism.  
Three types of REE patterns were determined in scheelites from Au deposits in the Kalgoorlie-
Norseman region of southwestern Australia. These patterns were also found in scheelites in the 
Timmins Au camp by Anglin (1987). Type I had high overall REE concentrations with no or 
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small positive Eu anomalies. This type was further subdivided into Ia and Ib where Ia had 
enrichment in MREE and Ib had greatest concentrations in Dy (Ghaderi et al. 1999). Type II had 
low overall REE concentrations, a flat shape as opposed to a bell shape, and large positive Eu 
anomalies. There are several consistencies found in elemental concentrations in scheelites 
globally, regardless of deposit type. Scheelites consistently have higher concentrations of light 
rare earth elements (LREE) than heavy rare earth elements (HREE). Scheelite also contains low 
concentrations of large ion lithophile elements (LILE) such as Rb, Ba, U and Th, but high 
concentrations of Sr (Song et al. 2014, Ding et al. 2018). Scheelite showed consistently low 
quantities (ppt level) in Hf and Zr, although Ta, Nb are variable, possibly depending on deposit 
type (Dostal et al. 2009, Song et al. 2014, Ding et al. 2018). Anglin (1987) determined that 
although different deposits may display different patterns and slight variations, scheelite from the 
same deposits tend to have the same pattern. This suggests that the surrounding host lithologies 
heavily impact the REE contents of scheelite.  
Raimbault et al. (1993) explained how REE patterns may be controlled by the depletion of REE 
in the fluid if another REE-bearing mineral precipitates prior to scheelite. It was found that in 
REE partitioning between apatite and scheelite, LREE have much higher partition coefficients 
than HREE, this trend is inversed in zircon (Raimbault 1993). Song et al. (2014) notes that in 
skarn deposits, many common minerals such as garnet and amphibole, sequester HREE 
producing a hydrothermal fluid that is enriched in LREE. Veins in the Yilgarn Craton contain 
both fluoroapatite and scheelite (Brugger et al 2000; Song et al. 2014). Fluoroapatite favorably 
sequesters LREE which could produce the common bell-shaped pattern, aided by the low 
partition coefficient of HREE. If scheelites formed after apatite and zircon mineralization, then a 
MREE enriched pattern may be produced. This distinct REE pattern has been identified in skarn 
type scheelites from the Chizhou Area in Eastern China by Song et al. (2014) and Zhao et al. 
(2017) where scheelites precipitated in the oxidized, post-mineralization skarn. Amphiboles and 
garnet are HREE-enriched making the fluid relatively depleted in these elements producing a 
strong negative slope and overall enrichment in LREE (Song et al. 2014). In a comparison of 
REE patterns of multiple deposit types, specific REE signatures are observed at certain deposit 
types (Song et al. 2014). Vein hosted Au-(W) scheelite tend to have an overall enrichment in 
MREE, whereas porphyry W-Mo scheelite show enrichment in LREE (Song et al. 2014). This 
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suggests that the patterns are controlled by common accessory phases in certain deposit types 
and the stage at which scheelite precipitates.  
Theoretical and experimental data show that depending on the ligand present in solution LREE 
can be preferentially transported over HREE (Migdisov et al. 2016). Although REE in general 
form weak complexes with chloride in solution, LREE and Eu2+ are more stable, and therefore 
more mobile than HREE in chloride-bearing aqueous solutions at high temperatures (Flynn and 
Burnham 1978, Song et al. 2014, Migdisov et al. 2016). By contrast HREE are more 
preferentially transported, at high temperatures, as fluoride complexes (Migdisov et al. 2016). 
The transporting ligand is associated with temperature, pressure, composition and pH of the 
fluid. However, even though there is experimental and theoretical evidence to show that ligand 
speciation can control REE distribution coefficients, the net budget of REE in the fluid is 
controlled by previously precipitated REE-rich mineral species (Song et al. 2014, Migdisov et al. 
2016). Therefore, it is very likely that scheelite REE patterns are mostly controlled by minerals 
that formed prior to scheelite mineralization and the host lithology that sequesters or releases 
certain elements from the fluid (Brugger et al. 2000).  
An interesting observation regarding Mo concentration is made in Poulin (2016), where trace 
element analysis was conducted on scheelite from various deposit types. Some deposits were 
characterized as metamorphic including the Sigma and Hollinger lode gold mines from the 
Abitibi. In this case metamorphic refers to deposits hosted by orogenic or metamorphosed 
terranes. Scheelite from these environments have depleted Mo concentrations (~10ppm) and 
enrichment in Sr (~1000ppm). The inverse was true for skarn and porphyry deposits where the 
concentrations of Mo are higher and of Sr lower (Poulin 2016).  
Broad attempts have been made to relate scheelite redox state with fluid chemistry. Gold is 
interpreted to have been transported as a bisulfide complex at the temperature, pressure, redox 
and pH conditions of the mineralizing fluids in Archean lode gold deposits. At these conditions 
the oxidation state of Eu is largely controlled by the pH of the fluid, therefore it is possible that 
the oxidation state of Eu in scheelite is indicative of the pH of the gold bearing fluid (Brugger et 
al. 2008, Migdisov et al. 2016). Migdisov et al. (2016) demonstrated that Eu2+ may travel 
preferably as a chloride complex where as Eu3+ a hydroxy or fluoride complex. Liu et al. (2017) 
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showed that Eu2+ and Eu3+ do not preferentially form certain complexes, rather Eu2+ is more 
stable than Eu3+ at increasing temperatures. This demonstrated that Eu2+ is the dominant 
oxidation state for Eu in crustal fluids at temperatures greater than 200°C (Migdisov et al. 2016). 
This also suggests that although Eu2+ is not stable at low temperatures, making Eu3+ the preferred 
redox state, this does not necessarily imply oxidizing conditions in the fluid (Brugger et al. 
2008).  
Other factors that can affect the pattern could be related to the ease of substitution of elements 
due to charges and size. Ghaderi (1999) suggested that since Eu2+ substitutes directly for Ca2+, as 
there is no charge restriction, the Eu2+ concentration in scheelite varies independently of Sm and 
Gd. This would lead to large Eu positives in the scheelite REE pattern. In contrast, Eu3+ would 
behave like other REE through coupled substitution with a positive ion such as Na+, making Eu3+ 
change with Sm and Gd congruently (Ghaderi 1999). This would mean that in oxidized fluids a 
bell-shaped pattern is more likely to be produced, and in reduced fluids a flat pattern with an Eu 
peak will be observed. Alternatively, Brugger et al. (2000) proposed that Eu anomalies are not an 
indicator of the redox state of the fluid. Rather, it is related to the smaller partition coefficient of 
Eu2+ compared to Eu3+(Brugger et al. 2000). As well, noted in Brugger et al. (2008), the ionic 
size of Eu3+ is much closer to that of Ca2+ (1.07Å and 1.12Å) compared to that of Eu2+ (1.25Å).  
Brugger et al. (2008) demonstrated that scheelite with a type I pattern corresponds to a fluid with 
pH and ƒO2(g) characteristics representative of maximum Au solubility as HS- in the Yilgarn 
Craton, therefore scheelite with this pattern precipitated from a fresh, gold-bearing, hydrothermal 
fluid (Phillips and Evans 2004). Scheelite with this pattern can therefore be indicative of pH of 
the gold bearing fluid. It would also explain the common pre- to syn- depositional relationship 
scheelite has with gold, as the pattern would only represent the on-set of fluid-rock interaction 
(Brugger et al. 2008). Type II scheelites represent contamination of the fluid by the host rock. A 
buffered fluid would cause a drop in pH (quartz-feldspar-muscovite QMF, ~5-6), recording a 
later fluid chemistry that is post-gold mineralization. This scheelite could not be used to calculate 
conditions of the gold-bearing fluid (Brugger et al. 2008). There are many ongoing variables 
during the process of forming an economic gold deposit, for these reasons scheelite may not 
always be an excellent tracer or fluid characteristics as REE appear to be present in significant 
quantities in all deposit types and localities (Brugger et al. 2000). That is, they require important 
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textural observations to relate their timing with gold to present critical information regarding the 
conditions of the Au-transporting fluid. 
Isotopic studies, specifically δ18O, Sr and Sm-Nd, have been conducted on various deposits 
globally as scheelite is a common hydrothermal gangue mineral in many Archean greenstone 
hosted deposits. In this thesis key questions addressed are what the age of the gold at the 
Thunder Creek and 144 Gap deposits is, how this relates to other gold ages regionally across the 
Abitibi and whether scheelite is an accurate geochronometer for Archean greenstone-hosted 
lode-gold deposits. As scheelite is a common accessory mineral and has been found to be in the 
same mineralized veins as gold at the Thunder Creek and 144 Gap deposits and contains large 
quantities of REE it was selected for age-dating. Anglin et al. (1987) conducted geochemical 
analyses on scheelite from the Timmins camp, Geraldton, Val d’Or and other major gold 
deposits in Canada, discussed above, but only measured trace element quantities. Scheelite 
geochemistry may help to identify certain processes that occur during gold mineralization, this 
can possibly provide a source for the gold bearing fluid. Additionally, scheelite contains the 
radiogenic isotopic pair 147Sm-143Nd, so if scheelite is in fact genetically related to gold this 
radiogenic pair may provide an absolute age date for mineralization. Scheelite has been age 
dated using the Sm-Nd radiogenic pair by Bell et al. (1989) and Anglin et al. (1996) but not in 
concurrence with data that evaluates whether re-equilibration could have re-set the system within 
scheelite.  
The 147Sm-143Nd system makes scheelite an ideal candidate for dating a gold deposit in a highly 
strained terrain as it is difficult to reset by later hydrothermal fluids. Samarium has seven 
naturally occurring isotopes, of these, three are radioactive (147Sm, 148Sm and 149Sm). 
Nevertheless, 148Sm and 149Sm (with daughter isotopes 144Nd and 145Nd, respectively) have half-
lives which are too long (>1015 yr) to produce measurable variations in Nd isotopic compositions 
so that they are considered stable within the timeline of the Solar System (Dickin 2005). The 
half-life of 147Sm, however, is 106 Ga and produces the daughter isotope 143Nd by alpha decay. 
Both elements are REE and are refractory, and their behavior in igneous and metamorphic 
minerals can be predicted (Dickin 2005). They have low solubilities during melting and 
hydrothermal processes and are therefore relatively immobile during rock weathering (Dickin 
2005). The decay equation of 147Sm and 143Nd radiogenic growth over time can be written as: 
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𝑁𝑑143 =  𝑁𝑑𝑖 + 𝑆𝑚(𝑒
𝜆𝑡 − 1)147143  
where i is the initial abundance of 143Nd at time t, and 147Sm is the decay constant of 147Sm as 
6.54×10-12 yr-1 (with  = ln2 / half-life (noted T1/2). Since it is difficult to measure the absolute 
abundance of a nuclide, instead isotopic ratios are measured by the mass spectrometer, and 
equation (i) (above) is divided by a stable (unchanging) isotope. The stable isotope 144Nd is 
commonly used as a denominator for Nd isotope ratios. 
𝑁𝑑143
𝑁𝑑144
= [
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𝑁𝑑144
]
0
+
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 (𝑒𝜆147𝑆𝑚×𝑡 − 1) 
The same decay equation is used for the Rb-Sr system where 87Rb decays to 87Sr with a half-life 
of 48.8 Ga, and 86Sr is the stable isotope used as a denominator (Dickin 2005). 
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The 87Rb-87Sr system has been extensively used for mantle evolution, and to date igneous and 
metamorphic rocks. It can be used to age-date sphalerite, when enough Rb has partitioned into it. 
However, because Rb and Sr are mobile and soluble elements, this system is easily reset by low 
temperature metamorphic processes and therefore may not be as reliable or effective in dating 
gold deposits in highly strained terranes. The two, Sm-Nd and Rb-Sr, systems evolve differently 
during geological processes. The Rb-Sr system has the parent element (Rb) that preferentially 
integrates into the melt (more incompatible), while it is the opposite for the Sm-Nd system where 
Sm is more compatible into the mantle source. Over time, the 87Sr/86Sr ratio of the crust (melt) 
becomes higher, and 143Nd/144Nd lower, than that of the source from which it was produced. Rb 
is an incompatible element (large ion lithophile element or LILE) and preferentially partitions 
into the crust relative to Sr, and Sm is more compatible than Nd in the mantle. Based on these 
ratios it is possible to tell whether a sample is crustal or mantle derived. The Nd isotope ratios 
are often expressed in epsilon notation, which is the 143Nd/144Nd ratio of the sample at a given 
time (t) normalized to the Chondrite Uniform Reservoir (CHUR) (equivalent to an 
undifferentiated Earth) at the same time (t) expressed in parts per 104: 
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𝜀𝑁𝑑(𝑡) =  [
( 𝑁𝑑143 / 𝑁𝑑144 )
𝑠𝑎𝑚𝑝𝑙𝑒(𝑡)
( 𝑁𝑑143 / 𝑁𝑑144 )
𝐶𝐻𝑈𝑅 (𝑡)
− 1] ∗ 104 
This notation makes it easier to visualize changes in Nd ratios over time, since the decay period 
is long and changes are relatively small over time (third to sixth decimal place). The chondritic 
uniform reservoir (CHUR), is used to represent the isotopic composition of bulk silicate Earth 
(that is Earth before mantle and crust differentiation) based on abundances of isotopes within 
chondrite meteorites, which are considered as the building blocks of Earth (Bouvier et al. 2008). 
Using isotopic derivations from this reservoir, model ages of extraction from the depleted mantle 
or chondritic reservoir can be calculated. Positive epsilon values are representative of a mantle 
derived rock (high time-integrated Sm/Nd), and negative values indicate a crustal derived sample 
(low time-integrated Sm/Nd).  
Strontium isotopes are excellent tracers for hydrothermal fluid source, as the initial 87Sr/86Sr ratio 
indicates whether a mineral/rock is from a depleted mantle or crustal source. Scheelite is able to 
sequester large amounts of Sr into its crystal lattice along with REE but contains very little Rb. 
This is likely due to the much larger ionic radius of Rb+ (1.52Å) compared to Ca2+ and Sr2+, 
which have similar ionic radii of 1.20Å and 1.32Å respectively (Shannon 1976, Brugger et al. 
2000). As such, scheelite is not suitable for Rb-Sr dating, but because the 87Sr/86Sr ratios remain 
almost the same through time, there is little decay correction to make to obtain their initial 
87Sr/86Sr ratio which can be used to track the composition and thus the source of the fluid. This is 
a more powerful tool than just measuring and comparing absolute elemental concentrations. 
Results from Anglin et al. (1987) showed that scheelite in Timmins typically contain ~2400 ppm 
Sr, compared to Geraldton where concentrations were on average much higher at ~7500 ppm. 
This could be explained by wall-rock interactions with host lithologies specific to different mine 
sites as well as fluid source. Scheelites having similar Sr concentrations within respective 
deposits also demonstrates that scheelites from the same deposits have similar geochemical 
characteristics but differ greatly by area. Later work by Brugger et al. (2000) measured a high 
variability of Sr within scheelite from the different mines of the Yilgarn Craton in southwestern 
Australia. Figure 7 summarizes Sr isotope values for scheelite and common host-rock lithologies 
from mines in the Timmins, Kirkland Lake and Val d’Or gold camps. 
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Figure 1-6 Initial 87Sr/86Sr ratios derived from from Sr-rich apatite, clinopyoxene, 
piemontite, scheelite and tourmaline in the Abitibi subprovince. The red-dashed line 
represents the CHUR value for 87Sr/86Sr at 2.6 Ga = 0.7013. This was calculated using a 
decay constant of 1.42*10-11, an initial 87Rb/87Sr ratio of 0.0892 and an initial 87Sr/86Sr ratio 
of 0.7047. Data from Kerrich et al. (1987) and Bell et al. (1989). 
Kerrich et al. (1987) conducted Sr isotopic analyses on scheelite, as well as tourmaline, apatite 
and piemontite, from deposits bordering the PDDZ and the CLLDZ. This research was based on 
early work by Hart & Brooks (1977) and Machado et al. (1986), who used clinopyroxene and 
plagioclase mineral separates to determine initial fluid signatures for mafic and ultramafic 
lithologies in the Abitibi. Scheelites from the Dome, Sigma-Lamaque, and Macassa deposits had 
a depleted mantle Sr signature, around 0.7015 (Fig 1-6) (Kerrich et al. 1987). This value agrees 
well with Sr isotopes measured on scheelites by Bell et al. (1989) in the Timmins-Porcupine 
camp, which also showed a depleted mantle signature. McCuaig and Kerrich (1988) discuss the 
Sr-isotopic signatures of Sr-rich minerals that have been measured such as scheelite, tourmaline, 
actinolite, piemontite, and other minerals that have been found to be paragenetically associated 
with gold. Sr measurements from several minerals from the same deposit are concordant, 
implying closed-system behavior post mineralization. Initial ratios are generally decoupled from 
wall-rocks and there is a variance in radiogenic behavior compared to that of mafic-ultramafic 
volcanic rocks and granitoids of the greenstone terrane. Providing further evidence for closed-
system behavior, and not necessarily a direct inheritance of 87Sr/86Sri from equilibration with 
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host-volcanics (McCuaig and Kerrich 1988). Song et al. (2014) compiled Sr and Sm-Nd data 
from scheelites from different deposits and deposit types globally. The Sr isotopic signatures of 
scheelites from quartz-carbonate vein hosted Au-(W) deposits largely had depleted mantle 
signatures, in contrast to scheelite from skarn W-Mo deposits which had signatures more 
indicative of lower to upper crust (Song et al. 2014). A similar trend was observed in 143Nd/144Nd 
isotopic signatures where scheelites from Au-(W) deposits had higher signatures compared to 
scheelite from tungsten-skarn deposits, which had lower signatures (Song et al. 2014). 
The geochemical characterization of scheelite lead to the measurement of 147Sm-143Nd isochrons 
within for gold mines in the Timmins-Porcupine camp (Bell et al. 1989) and the Val d’Or gold 
camp (Anglin et al. 1996). Other geochemical work on scheelites has been conducted globally 
but with a greater focus on economic W deposits. Initial age dating on scheelite had limited 
success. Radiogenic ages produced by Bell et al. (1989) were erroneous due to poor grain 
selection which produced extremely young ages, 2403  47Ma, concurrent with the Matachewan 
dike swarm (Anglin et al. 1996). An unexpectedly young age such as this would imply a 
resetting of the system. However, other systems from the deposits which are very easily 
overprinted, e.g. Re-Os in molybdenite, were not re-set (Anglin et al. 1996). Older ages of gold 
mineralization are found to the north in the Abitibi, 2697±1 Ma (Kitney et al. 2011) and the east, 
in Val d’Or, ~2680 Ma (Claoué-Long et al. 1990). This contrasts young ages of ~2600 Ma found 
in scheelite (Anglin et al. 1996) and other hydrothermal minerals (Jemielita et al. 1990, Wong et 
al. 1991, Hanes et al. 1992). Such contradiction has raised the question as to whether or not 
younger obtained ages are representative of multiple, later hydrothermal gold bearing events or if 
these hydrothermal minerals represent a re-equilibration event.  
In this thesis, more efforts are focused on the in-situ geochemistry and geochronometry of this 
mineral as it appears to be coeval with gold, and would be a useful geochronometer for these 
studied deposits and other greenstone-hosted Archean gold deposits. Nevertheless, very few 
studies of lode-gold deposits have focused on scheelite geochemistry. This new data will also 
contribute to determine whether or not previously determined young ages in the Abitibi are 
indeed representative of a gold mineralizing event by establishing whether scheelite was re-
equilibrated by a later hydrothermal event. Textural relationships were established using a 
petrographic microscope with reflected and transmitted light capabilities at Western University 
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under the supervision of Dr. Robert Linnen. Using an Electron Microprobe Analyzer in the Earth 
and Planetary Materials Analysis laboratory at Western University, with the help of Marc 
Beauchamp, scheelites were analyzed in-situ through the creation of cathodoluminescence, 
electron dispersive (EDS) and wavelength dispersive (WDS) maps. In order to measure observed 
changes on the EMPA maps and obtain more quantifiable data in-situ Laser Ablation 
Quadrupole Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) measurements were 
carried out at the Magmatic and Ore Forming Processes Laboratory at the University of Toronto 
with the aid of Dr. Zoltan Zajacz for instrument set-up and data reduction. All clean-lab 
geochemistry was conducted at the GEOMETRIC Laboratory at Western University, including 
all cation and anion column set-up and preparation, solution cleaning and chemistry and Thermo 
iCAP Qc qICP-MS measurements under the supervision and guidance of Dr. Audrey Bouvier. 
All 87Sr/86Sr and 147Sm-143Nd measurements were conducted at the Trent University Water 
Quality Center with the aid of Dr. Bastian Georg with instrument set-up and isotope 
measurements. These measurements were taken on a Nu Plasma II and a Neptune Multi-
Collector Inductively Coupled Plasma Mass Spectrometer (MC-ICPMS) as MC-ICPMS allows 
for precise measurements with small quantities of sample. In the following chapter, methods 
used for each instrument are discussed in detail. Particularly methods for sample dissolution, 
separation of REE and their measurement via MC-ICPMS. Other benefits to using a MC-ICPMS 
as opposed to Thermal Ionization Mass Spectrometry (TIMS) are discussed in chapter 2. A 
discussion of the geology of the Thunder Creek and 144 Gap deposits is given in chapter 3. 
Results and their implications are then discussed including what the 147Sm-143Nd ages obtained 
from scheelites at the Thunder Creek and 144 Gap deposits imply for gold mineralization within 
the southern Abitibi. Auxillary data and images from analyses are provided in appendices to 
follow chapter 3. Demonstrating scheelites relationship with gold and effectively age-dating it 
can prove it a successful geochronometer for Archean gold deposits, and possibly other tungsten 
and gold deposits globally. 
The key objectives of this thesis are as follows 1) To establish the timing relationship between 
gold and scheelite at the Thunder Creek and 144 Gap deposits; 2) Utilize 147Sm-143Nd isotope 
systematics to determine the age of scheelite (and possibly gold). Geochemical signatures and 
87Sr/86Sr isotope systematics will constrain the fluid source(s) and composition(s) as well as 
indicate if the 147Sm-143Nd system has been re-set within scheelite grains; 3) Interpret this data in 
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the context of the “mineralizing event(s)” responsible for gold deposition at the Thunder Creek 
and 144 Gap deposits. Additionally, this data will be used to interpret the “mineralizing event(s)” 
responsible for all gold of similar age across the Abitibi in general. Ultimately this thesis will 
contribute additional data for hydrothermal scheelites within Archean lode-gold deposits and 
determine whether it a useful geochronometer for the timing of gold mineralization. 
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2 Methods 
2.1 Sampling & Sample Preparation 
A total of 29 scheelite samples were collected from the mineralized syenite body at the Thunder 
Creek and 144 Gap deposits within the Timmins West Mine (TWM) in Timmins, Ontario. Table 
2-1 summarizes the samples that were used for analysis from the total collected sample suite, 
their localities within the mine, as well as total dissolved sample size used for mass-spectrometry 
and geochemical analysis. Scheelite grains that were larger than 1cm were preferred to be able to 
make a polished thick section and separate grains for chemistry (Table 2-1). They were selected 
from veins based on the vein classification of Campbell (2014), who identified gold-bearing 
quartz veins as being slightly deformed, but with significant pyrite mineralization. Scheelite 
samples were taken both from exploration drill cores and as grab samples from mineralized 
stopes underground. Drill cores were selected using Lake Shore Gold Corp. core library where 
scheelite abundance was recorded to be ~5-10%, or sometimes higher. Scheelite-bearing areas 
underground were selected using a UV lamp by the underground geologists and during on-site 
visits in July of 2016 and August of 2017. The mine area visited was within the mineralized 
syenite body footwall to the 144 trend at the Thunder Creek portion of the TWM (915m to the 
395m mine levels). A large sample size (~60-85mg) was dissolved for a more homogenous 
representation of scheelite composition. A single crystal was also sub-sampled using a small 
coring tool (3mm in diameter) in order to determine an internal isochron (TC-2). Polished thick-
section slides were prepared to establish the textural relationships between scheelite and gold 
using a reflected light petrographic microscope. Later, electron dispersive spectrometry (EDS) 
mapping aided in identifying accessory minerals that may produce contamination during 
dissolution (e.g., monazite, zircon, apatite, sulfate).   
Table 2-1 Summary of scheelite sample mine location and total dissolved sample weight for 
all dissolved scheelites including subsamples (aliquots from total dissolved solutions were 
taken for isotopic dilution Sm-Nd geochronology and Sr isotopes). TC = Thunder Creek 
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samples, HWY = 144 Gap deposit samples. TC 2-1 through 2-3, and HWY 1-1 through 1-3, 
are the micro-drilled samples obtained from individual scheelite grains TC-2 and HWY-1. 
Sample ID Location Sample wt (g) 
TC-02 TC-710-22 B54 (228.5-232.9) 0.067 
TC-03 TC-710-22 B53 (224.5-228.5) 0.084 
TC-07 TC-710-22 B39 (164-168.1) 0.037 
TC-08 TC-09-68C B96 (850-854.2) 0.085 
TC-09 TC-09-68C B97 (854.2-858.5) 0.078 
TC-10 TC-09-68C B100 (867-871.4) 0.060 
TC-12 TC-09-68C (910.5-914.8) 0.059 
TC-13 TC-09-68C B101 (857.5-866.7) 0.057 
TC-20 785ml FW, distal 0.048 
TC-21 415ml 0.061 
TC-24 395ml  0.059 
TC-25 395ml  0.062 
HWY-01 HWY-15-111W2; 840.1-840.6m 0.062 
HWY-03 HWY-15-111W2; 941m 0.062 
TC 2-1 TC-710-22 B54 (228.5-232.9) 0.059 
TC 2-2 TC-710-22 B54 (228.5-232.9) 0.088 
TC 2-3 TC-710-22 B54 (228.5-232.9) 0.056 
HWY 1-1 HWY-15-111W2; 840.1-840.6m 0.018 
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HWY 1-2 HWY-15-111W2; 840.1-840.6m 0.151 
HWY 1-3 HWY-15-111W2; 840.1-840.6m 0.027 
TC-10-2 TC-09-68C B100 (867-871.4) 0.020 
After initial petrography, the scheelite grains of interest were further characterized by performing 
Electron-Microprobe-Analysis (EMPA) and Laser Ablation Inductively Coupled Mass 
Spectrometry (LA-ICPMS) in situ elemental analyses on polished thick sections. Certain samples 
were better than others for this due to the overall size and shape of the scheelite grains. Of the 
initial 29 samples collected 23 were successfully cut into polished thick sections due to the brittle 
nature of the scheelite and the very hard, silicified character of the syenite. These sections ranged 
in thickness from 200 to 300 micrometers, which more suitable to conduct LA- ICPMS analyses.  
2.1.1 EMPA 
Electron microprobe analysis was conducted on a JEOL JXA-8530F field-emission electron 
microprobe at the Earth and Planetary Materials Analysis Laboratory at Western University. 
Electron dispersive (EDS), wavelength dispersive (WDS), back-scatter electron imaging (BSE) 
and cathodoluminescence (CL) maps were created using an accelerated voltage of 15kV and a 
beam current of 200nA. Resolution on the maps varied depending on scheelite sample size, with 
pixel size ranging from 0.5µm to 8µm, the dwell time was 10 ms. The EDS maps were used to 
identify mineral inclusions in the scheelite grains or minerals residing in the syenite host rock. 
EDS maps are used for detecting major element abundances, therefore elements should be in the 
1000s of ppm to be detected using EDS. In order for elements to appear on WDS maps their 
concentrations had to be relatively high, on the order of 100s of ppm. As it is a more sensitive 
method, it is used for trace elements. WDS mapping was used for Sm, Nd, Sr and Y due to their 
lower concentrations. These analyses were carried out to look for primary zoning or 
remobilization along fractures to evaluate the integrity of the Sm-Nd system. However, the 
abundances of Sm and Nd were too low to show any patterns on WDS maps. For this reason, CL 
maps were used as well.  
Cathodoluminescence maps are used to investigate the structure and composition of minerals, 
and will show any zoning or defects that would otherwise not appear on WDS and EDS maps 
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(Götze 2002). Götze (2002) described luminescence as being produced by the presence of 
“activators” in the mineral or substance (impurities, lattice defects) that occupy discrete energy 
levels. These activators can be intrinsic (electron-hole centers) or extrinsic (impurity-related). 
These can be transition metal ions (Mg2+, Cr3+, Fe3+), rare earth elements (REE), actinides, heavy 
metals, electron-hole centers or crystallophosphors of the ZnS type (Götze 2002). Although this 
method does not reveal what element is being zoned or disturbed.  
Energy peak overlaps commonly occurring during EMPA analyses are between W and Si; Au, 
Zr and P; S and Mo; and Ti and Ba. These energy peak overlaps in the map can be misleading, 
thus the textural context of the grain and modal abundances from petrographic analyses were 
used to identify phases. In cases where it was difficult to identify a phase because the size of the 
bright spot on the map was very small, point analysis secondary electron microscopy was used to 
identify it.  
2.1.2 Laser Ablation ICP-MS 
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) was conducted at 
the University of Toronto using a NWR 193 UC laser ablation system coupled with an Agilent 
7900 quadrupole mass spectrometer. The standards NIST 610 and GSD-1 were used in between 
measurements, approximately every 10 points. An assortment of point transects and point 
analyses were used to identify the concentration of trace elements across scheelite grains as well 
as is the host syenite. The laser beam power was set to 10Hz with a beam size of 40µm. Spacing 
of the point transects was roughly 500µm as the scheelite grains were very large, the points could 
be adjusted to avoid inclusions. Data was reduced using SILLS (Signal Integration for 
Laboratory Laser Systems) software, GSD-1 was used as the standard background and 
measurements were standardized to CaO as 19.49 wt% of scheelite. 
2.1.3 Separation and Dissolution Techniques 
To separate out the mineral from the vein and host rock material samples were cut into thin slices 
using a diamond blade Buehler™ saw. They were cut as thin as possible to eliminate unwanted 
material. A second suite of subsamples, from the original 26 scheelite grains, was taken from 
HWY-1 and TC-02 for a total of an additional 6 samples using a 3mm diamond-covered drill bit. 
Sample TC-10 was used for a duplicate analysis, for everything from dissolution to mass 
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spectrometric analysis, and a basalt standard (USGS, Basalt from the Columbia River) BCR-2, 
was also analyzed with the second suite of samples. The standard sample and duplicate were 
used to ensure that no significant contamination occurred in the lab and that measurements were 
accurate and reproducible to a globally accepted value and precision. Subsample locations were 
determined based on EMPA maps and LA-ICPMS concentrations.  
Clean-lab chemistry and Quadrupole Inductively Coupled Plasma Mass Spectrometry (qICP-
MS) analyses were conducted in the GEOMETRIC Laboratory at Western University. Reagents 
used for chemistry consisted of ultrapure water with a resistivity of 18.2 mΩ obtained from a 
Milli-Q Advantage 10® water purification system integrated with a Q-POD Element® unit. This 
resistivity corresponds to sub-ppt level trace metals in the water used for diluting acids and 
column chemistry. Both HNO3 and HCl acids used for sample dissolution and column chemistry 
were of Aristar Plus® (sub-ppb level) quality, that were further distilled in-lab using Savillex® 
DST-1000 stills to further purify solutions to a sub-ppt level. Hydrofluoric acid was purchased at 
a sub-ppt level as Aristar Ultra® grade. Reagents used for NaOH and FeCl3 solutions were the 
Alfa Aesar® sodium hydroxide 98% purity flakes, and the Alfa Aesar® Puratronic 99.998% 
purity Iron (III) oxide.  
All scheelite samples were first washed in ultrapure MilliQ water and ultrasonicated in cold 
acetone for 15-20min to remove external dirt and particles. Acetone was used as it removes 
organics and dissolves potential surface contaminants from cutting tools. Each sample was then 
gently crushed using an agate mortar and pestle, unwanted host rock and quartz vein material 
was ideally removed by hand-picking with tweezers early in this process when grains were still 
large. Stacked sieves with increasingly finer mesh sizes, ranging from 450m to 150m, were 
used to separate out different scheelite grain sizes. The sieve size was selected based on the size 
of mineral inclusions measured from EMPA maps (to separate them as much as possible from 
the scheelite) and large enough to be able to hand-pick individual grains with tweezers. A grain 
size of 200-350 microns was selected. Bromoform (reported density of 2.88-2.90g/cm3 (Klein 
and Hurlbut 1999)) was used as the heavy liquid to separate out scheelite from feldspars, quartz 
and syenite host materials by gravity. The density of scheelite is 6.01g/cm3 whereas sulfates, 
identified in this study as celestine-barite by EMPA and LA-ICPMS, have densities of 3.95-
3.97g/cm3 and 4.5g/cm3 for end members celestine and barite, repsectively (Klein & Hurlbut 
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1999). Electron Microprobe Analyser WDS maps revealed that sulfates commonly occur as 
inclusions within the scheelite, and later LA-ICPMS point analyses demonstrated that they 
contain significant Sr (ppm) concentrations. A schematic diagram of the heavy liquid separation 
technique is shown in Fig 2-1. Feldspars (2.62-2.75 g/cm3) are slightly less dense than 
bromoform, they float, along with other silicates, whereas scheelite sulfates and sulfides sink. 
The materials that were denser than bromoform consisted of pyrite, galena, sulfates (celestine-
barite), and less commonly molybdenite. These were later removed by grain picking with 
stainless steel tweezers under a binocular microscope. A UV lamp was utilized to help scheelite 
grains stand out from unwanted materials such as sulfates, which were typically similar in colour 
in natural light.  
Clean scheelite material was then leached in cold 1M HCl for 20 minutes and then ultrasonicated 
for another 15-20 minutes to remove excess external particles and the tungstic acid coating on 
the exterior of scheelite grains. The HCl was then pipetted out as completely as possible. 
Samples were rinsed with Q-POD® element H2O to ensure the removal of 1M HCl. This was 
also pipetted out as completely as possible. Clean mineral separates were then ready for 
dissolution.  
Scheelite is relatively difficult to dissolve for chemical separation as upon its dissolution it can 
form solid H2WO4 (tungstic acid precipitates) (Chu et al. 2012). It is possible that during this 
precipitation, REE may co-precipitate with tungstic acids, leading to fractionation of Sm from 
Nd which may create isotopic disequilibrium with the corresponding Nd isotopic composition. 
Methods that are commonly used to dissolve scheelite include fusion, sintering, cold acid 
dissolution and low and high temperature attack dissolutions. Each have their pros and cons but 
the ideal scenario is one where the precipitate can be dissolved and re-integrated into the rest of 
the solution and a method which is clean with low contamination levels for trace metals. 
Although it was found by Chu et al. (2012) that only 10% of REE end up in the precipitate, it 
could still result in unwanted fractionation and thus the precipitate has to be dissolved before 
proceeding with analysis.  
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Figure 2-1 Schematic diagram of heavy liquid separation method used for scheelite. Light 
minerals are phases less dense than scheelite such as quartz, albite, and micas. Celestine-
barite had to be removed later by grain picking along with other dense sulphide minerals 
such as pyrite, galena and molybdenite. 
Here, the use of a low-pressure acid dissolution method is presented to prevent the dissolution of 
potential zircon inclusions. Reagents used for these procedures are mentioned above. Although 
noted by Chu et al. (2012), spike-sample isotopic equilibration is not completely achieved by a 
low-temperature dissolution method, so instead samples were spiked after complete dissolution 
and prior to column chemistry.  
Clean scheelite grains were fluxed in a mixture of 1:10 14M HNO3 and 29M HF at 120C for at 
least 4 days, or until completely dissolved. Samples were then evaporated to dryness at 130C, 
ensuring to completely evaporate HF. Following this, perchloric acid (HClO4) was added to 
cover the samples and evaporated at 150-170C to break down insoluble fluorides. Periodic 
tapping of the beakers throughout evaporation helped to re-collect perchloric acid droplets that 
had condensed on the sides of the beakers back to the bottom. Once fuming of the acid had 
ceased, indicating almost complete evaporation, water droplets were added along the edges of 
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the beakers to ensure that all perchloric acid condensate was collected and that it had completely 
evaporated. The yellow residues were then treated overnight with 4 ml 6M HCl at 100C and 
then completely evaporated to dryness. Once more the mixture was fluxed overnight this time 
with 1 ml 2.5M HCl at 100C. This was then allowed to cool and was ultrasonicated for 20 
minutes. Samples were transferred into 5ml teflon centrifuge tubes before centrifugation at 
4000rpm for 10 minutes. The supernatant was pipetted out as completely as possible and kept in 
another set of centrifuge tubes.  
In order to obtain the approximate 10% of REE trapped within tungstic acid precipitates samples 
were mixed with 1.6ml self-purified (using pre-cleaned FeCl3), 30%m/v NaOH (Chu et al. 
2012). The process by which the NaOH was self-purified is discussed in detail following 
scheelite dissolution techniques. Once the precipitate was completely dissolved, 0.3ml of 
20mg/ml FeCl3 was added to cause the precipitation of REE with WO4
2-. Once the FeCl3 was 
added it immediately produced a red precipitate, samples were shaken thoroughly to ensure 
homogenization of the mixture. This mixture was left to settle for at least 5 hours or ideally 
overnight. After this period of time, the precipitate had settled to the bottom of the tubes. 
Samples were centrifuged for 10 mn to completely remove precipitates from solution. The NaOH 
supernatant was pipetted out as completely as possible and discarded. The precipitate was rinsed 
with 1ml Q-POD® Element H2O, shaken to ensure thorough rinsing, and centrifuged a second 
time for 10 minutes. This supernatant was again pipetted out and discarded. The remaining 
precipitate was finally dissolved with 1ml 2.5M HCl and re-integrated with the original 
supernatant, producing a 2ml 2.5M HCl solution of dissolved scheelite.  
Quantities of NaOH, FeCl3 and 2.5M HCl were followed according to Chu et al.’s (2012) 
volumes for 30 mg scheelite sample sizes. It was found that even though solution quantities were 
kept relative to these amounts, once final 2.5M HCl samples were allowed to sit for a period of 
24h new, supposed, tungstic acid precipitate formed, indicating an incomplete dissolution. For 
this reason, the procedure was repeated a second time giving a final dissolved sample in 3ml 
2.5M HCl. In the second round of samples an excess amount of solution volumes was used, and 
no precipitate was found to form after samples rested for a period of 24 hrs. For samples of 15-
20 mg in size 1ml NaOH and 0.2ml FeCl3 were used to form a precipitate. Final dissolution was 
achieved in 2ml 2.5M HCl without additional precipitate observed. 
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Figure 2-2 Procedures for tungstic acid precipitate dissolution and chemical separation of 
scheelite samples from the Thunder Creek and 144 Gap deposit based off of methods by 
Chu et al. (2012). It was found that 1ml of 2.5M HCl was not sufficient for 30mg of 
scheelite sample and so the process was repeated twice with remaining precipitate. Final 
Dissolved scheelite was in 3ml 2.5M HCl.  
To produce the 30%m/v NaOH and 20mg/ml FeCl3, procedures outlined in Chu et al. (2012) 
were followed. A solution of 20mg/ml FeCl3 was created by mixing high purity Fe2O3 in 5ml of 
10M HCl and diluted by the addition of 45ml of MQ H2O, producing 50ml of total solution. An 
additional step of running the solution through a large anion exchange column, not used in Chu 
et al. (2012), was added to further purify the FeCl3. A 60ml mixture was created with 2ml of 
20mg/ml FeCl3 and 58ml of MQ H2O to produce 0.5%m/v FeCl3. NaOH was created and self-
purified by dissolving 20mg of NaOH crystals in 60ml 0.05% m/v FeCl3. The FeCl3 formed 
Fe(OH)3 precipitates that collected most of the REE contaminants in the NaOH solution. After 
the NaOH mixture was thoroughly shaken and allowed to settle overnight, the supernatant was 
pipetted out as completely as possible into six separate 10ml centrifuge tubes. These were then 
centrifuged at 4000 rpm for 10 minutes to ensure all Fe(OH)3 was removed from solution. An 
aliquot of this solution was diluted 1000x and the REE concentrations of each solution were 
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measured on the qICP-MS at Western University to ensure they were low enough to not 
contaminate and compromise the isotopic compositions of the samples.  
The concentrations were adequate for REE chemistry, but in an attempt to make them lower for 
HFSE (to potentially measure the Lu-Hf systematics of the scheelites), 2ml of 20mg/ml FeCl3 
was added to the NaOH solution to possibly precipitate out more REE. The centrifugation and 
procedure of NaOH removal from precipitate was followed a second time. A secondary cleaning 
of the solution yielded similar HFSE levels, and slightly lowered REE levels. Sample aliquots of 
the 3ml 2.5M HCl scheelite solutions were taken to be measured on the qICP-MS at the 
GEOMETRIC Laboratory at Western University to measure for Sr, Nd, Sm and other REE 
concentrations. Aliquots of this solution were taken to obtain ~300-500 ng of Nd for 
measurement, based off of qICP-MS measurements and total dissolved mass in the 3ml 2.5M 
HCl solutions.  
Once REE concentrations were known for each scheelite sample, a 150Nd-149Sm calibrated 
enriched double spike was added in a known sample/spike ratio (aiming for a ratio 150Nd/144Nd 
of ~0.35 instead of the natural ratio of ~0.25) to each sample. After sample/spike 
homogenization, samples were dried again and ready for cation exchange and REE separation 
columns. A schematic diagram of column chemistry is presented in Figure 2-2.  
Samples were first run through a ~1.5ml Biorad® AG50W-X8 200-400 mesh resin to remove the 
bulk sample and separate Sr and REE cuts. The REE cut from this column was then run through 
150-250 micron Ln-spec Eichrom® resin to purify Nd from Sm and other REEs for multi-
collector (MC-) inductively coupled plasma mass spectrometry (ICPMS) analysis. These 
samples were then dried down and very small, 2-5% aliquots were measured on a quadrupole 
ICP-MS (qICPMS) to check the column yields so that samples could be accurately diluted for 
MC-ICPMS analysis. Yields for Nd were ~40% to remove a large part of Ce and other LREE, 
which is acceptable and diminishes matrix effects and any mass interferences from Sm, during 
isotopic analyses, while Sm yields were ~100% and collected without any interfering Nd. Later 
re-calibration of the REE columns yielded 70-80% Nd, while still minimizing La-Ce-Pr-Sm 
collection. Samples were diluted to 2ml 100ppb solutions for Nd, and 60ppb for Sm for MC-
ICPMS measurements.  
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Strontium measurements were conducted on the same scheelite solutions, which were re-sampled 
from bulk solutions by taking the mass equivalent of a 1 microgram Sr aliquot of already 
dissolved scheelites and from two whole rock solutions (TC-2 and TC-21). For the second round 
of scheelite measurements, Sr was collected from the same solution aliquot before the REE on 
the first-stage cation column. The procedure for HFSE-REE separation on the cation column was 
followed identically (to remove W) and Sr was collected in 5ml of 2.5M HCl, just prior to REE 
collection in 6M HCl (method described in Bouvier et al., 2008 for Lu-Hf and Sm-Nd isotopic 
dilution methods). The Sr cuts were then passed through Sr- spec Eichrom® resin 200l micro-
columns to remove any other cations such as Ca. A solution of 3M HNO3 was used to elute any 
unwanted cations, and Sr was collected in 3ml of 0.01M HNO3. These yields were again 
measured on the qICP-MS at Western University and it was found that Sr yields were 100%, 
with the exception of the whole-rock samples at ~70%. This is possibly due to precipitates 
forming post-dissolution or a potential aliquoting miscalculation but does not affect our isotopic 
measurements. A BCR-2 standard and a blank were used to check for accuracy and 
contamination levels introduced during the procedure of the Sm, Nd and Sr ratio measurements. 
It was found that BCR-2 had a 100% yield during Sr chemistry based on USGS recommended 
values of 346 ± 14 µg/g of Sr (Wilson 1997). Samples were diluted to 50 ppb Sr in 2% HNO3 
solutions for high-precision isotopic measurements by MC-ICPMS at the Trent University Water 
Quality Center. 
Total procedure blanks were 15 pg Nd, 12 pg Sm and 86 pg Sr which are negligible (as much 
less than 1%) compared to the respective amounts processed for dissolution and analyses.  
2.1.4 Multi-Collector Inductively Coupled Plasma Mass Spectrometry 
(MC-ICPMS) 
Solutions of Nd, Sm and Sr isotopes were analyzed using a Nu Plasma II MC-ICPMS and a 
Neptune MC-ICPMS at the Water Quality Center at Trent University. A schematic diagram for 
this instrument can be viewed in Figure 2-3 below. This is a double focusing mass spectrometer, 
therefore it utilizes both a magnetic sector and electrostatic analyzer to focus the ion beams 
(Halliday et al. 2009). For 147Sm-143Nd, thermal ionization mass spectrometry (TIMS) is still a 
popular method as neither Sm or Nd have particularly high ionization potentials (or ionization 
energy) compared to, for example, Hf. However, TIMS analysis requires generally larger sample 
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sizes (~1 g) compared to what is needed for MC-ICPMS (>20 ng). A plasma source also offers 
several advantages in that all elements are ionized at once, whereas with TIMS elements are 
analyzed separately. TIMS also uses a much lower temperature when ionizing the filaments 
(~2,000K) compared to the plasma used (~7,000K) with MC-ICPMS, this allows for a greater 
sample output, faster analysis time, and mass interference and bias correction (Walder and 
Freedman 1992, Halliday et al. 2009). The use of multi-collectors (TIMS and MC-ICPMS) also 
allows simultaneous isotopic masses to be measured on fixed Faraday cups, which removes 
source instability and magnet peak jumping as a limiting factor on the precision of measurements 
(Halliday et al. 2009). Reasons for using MC-ICPMS for 87Sr/86Sr are similar to those for Nd and 
Sm. However, MC-ICPMS is limited in precision because of Kr mass interference from Kr 
naturally present in the Ar gas used to generate the plasma ionization source. The Kr abundance 
is thus monitored and corrected during Sr isotopic measurements. 
 
Figure 2-3 Schematic diagram of the Nu Plasma II MC-ICPMS used at the Trent 
University Water Quality Center. 
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Neodymium samples were diluted to 100 ppb, Sm to 60 ppb and Sr to 50 ppb in 2% HNO3 prior 
to loading into the autosampler. Samples were nebulized with a mixture of argon gas and minor 
nitrogen gas, to lower the formation of oxides. Nd isotopic measurements were taken as ratios 
against 144Nd. All Nd isotope ratios measured were 142/144, 143/144, 145/144, 146/144, 
148/144 and 150/144. Additionally, 140Ce and 147Sm were monitored to correct for isotopic 
interferences on 142Nd and 144Nd respectively. Although, 142Nd/144Nd variations are not of 
interest here, and Sm was efficiently separated from Nd to avoid such issues on the normalizing 
144Nd isotope.  
 
Isotopic compositions correspond to the average of 2 blocks of 25 cycle measurements for Nd 
and 1 block of 25 cycle measurements for Sm. The isotopic standards JNdi (143Nd/144Nd = 
0.512115 ± 7) and LaJolla (143Nd/144Nd = 0.511858 ± 7) (Tanaka et al. 2000) were interspersed 
every 4-5 samples for Nd to monitor stability and accuracy of sample measurements and make 
corrections of any Faraday cup bias. The correction for internal mass bias intrinsic to the 
instrumentation was made using the normalizing ratio for 146Nd/144Nd of 0.7219. Average JNdi 
and La Jolla measurements for each session were 143Nd/144Nd (JNdi) = 0.512091 ± 0.000009 
2SD (n=6) and 143Nd/144Nd (LaJolla) = 0.511834 ± 0.000009 2SD (n=2) uncorrected from cup 
bias, which corresponds to 0.511858 when normalized to 0.512115/0.512091=1.000047 for the 
cup bias of the session; and 143Nd/144Nd (JNdi) = 0.512098 ± 0.000002 2SD (n=2) and 
143Nd/144Nd (LaJolla) = 0.511834 ± 0.000002 2SD (n= 2) uncorrected from cup bias, which 
corresponds to 0.511851 when normalized to 0.512115/0.512098 =1.000033 for the cup bias of 
the session. This demonstrates excellent agreement between the MC-ICPMS and TIMS 
measurements.  
 
The calculated BCR-2 values after spike deconvolution and cup bias correction were 147Sm/144Nd 
= 0.1385 ± 0.0007 and 143Nd/144Nd = 0.512645 ± 0.000004 in agreement with literature values. 
Comparisons of the BCR-2 values made to previously measured literature values are found in 
Table 2-2. Isotope measurements for Sm were corrected using the stable 152Sm isotope, isotope 
masses measured were 144Sm, 146Nd, 147Sm, 149Sm, 152Sm152Gd (total) and 155Gd in that order on 
the Faraday cups. A lab standard for Sm of 100 ppb was used during Sm measurements at the 
beginning and end of the session and every 5 samples throughout. This allowed for the tracking 
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of instrument drift and accuracy throughout isotope measurement. The isotope mass for 155Gd 
was measured to monitor and correct for potential isotopic interference between 152Gd and 152Sm 
as 152Sm was used to normalize Sm for isotopic measurements. 
 
 
 
 
 
 
 
Table 2-2 Measured 147Sm/144Nd, 143Nd/144Nd and 87Sr/86Sr values for BCR-2 from this 
study, Bouvier and Boyet (2016) and Weis et al. (2006). 
Author 147Sm/144Nd 143Nd/144Nd ±2SE N (repeated 
measurements) 
Mass 
(mg) 
This Study 0.1385 
±0.0007 
(0.5%) 
0.512645 0.000004 1 32 
Bouvier and 
Boyet (2016) 
0.1383 
±0.0007 
(0.5%) 
0.512628 0.000008 1 6 
Li and Chu 
(2012) 
0.1379 
±0.0001  
0.512638 0.000007 8 100-120 
Weis et al. 
(2006) 
not measured 0.512637 0.000004 11 100-250 
Reference 
values 
0.1380 
±0.0011 
0.512636 0.000004   
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  87Sr/86Sr    
This Study  0.705025 0.000049 2 32 
Weis et al. 
(2006) 
 0.705013 0.000004 13 100-250 
 
 
 
For Sr, isotopic measurements were conducted over 2 blocks of 60 cycles. The standard used for 
these measurements was SRM 987 at 50 ppb concentration, which was run approximately every 
3 samples. Strontium isotope ratios measured were 86Sr/88Sr, 84Sr/86Sr, 87Sr/86Sr, and 88Sr/86Sr, in 
that order on 4 Faraday cups. As Kr is present in the Ar gas used to generate the plasma source 
for the MC-ICPMS, 83Kr were also monitored on another Faraday cup to correct for isotopic 
interferences of 86Kr on 86Sr. Likewise, rubidium interference potentially left after chemistry was 
monitored on mass 85Rb as 87Rb interferes on 87Sr.  
Strontium measurements were taken on two different days, the first set of measurements in 
March of 2018 was taken on a Thermo Neptune MC-ICPMS and a Nu Instrument Plasma II was 
used in May of 2018, both at the Trent University Water Quality Center. Internal mass 
fractionation correction was carried out using a normalizing 88Sr/86Sr value of 8.375. The 
average measurements for SRM 987 Sr standard was 87Sr/86Sr = 0.710523 ± 0.000053 2SD (n = 
8) in the first session, and 0.710261 ± 0.000030 2SD (n = 7) in the second session. Mass-
independent mass fractionation effects were anomalously high during the first session possibly 
caused by higher Kr concentration in the gas or caused within the high vacuumed interface of the 
mass spectrometer.  
To attest for the accuracy of our measurements during both sessions, we also measured an 
external rock standard, the USGS basalt BCR-2. The SRM 987 average values for each sessions 
were used to apply a drift correction from each instrument to the unknown 87Sr/86Sr sample 
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measurements by normalizing the measured values above to the known SRM 987 87Sr/86Sr value 
of 0.710248 (Weis et al. 2006). The corrected two BCR-2 measurements from the two different 
sessions were 87Sr/86Sr  = 0.705050 ± 0.000005 in session 1 and 87Sr/86Sr = 0.705001 ± 0.000003 
in session 2, which provides a weighted average composition for BCR-2 of 87Sr/86Sr = 
0.705025±0.000049 (2SE) (Table 2-2).  
After correction for instrumental mass bias, the 87Sr/86Sr sample values were then corrected from 
radiogenic in-growth of 87Sr to compare the Sr isotopic compositions of the scheelites and 
whole-rocks at the time of their formation. The isotopic dilution method (as the one used for Sm-
Nd) would be more precise but needed a Rb-Sr enriched double spike which we do not have in 
house. The 87Rb/86Sr of the scheelite and whole-rock samples were thus calculated using the 
natural abundances of 87Rb and 86Sr isotopes, the Rb and Sr concentrations (ppm) measured by 
qICP-MS, and the measured present-day 87Sr/86Sr for each sample.  The Rb/Sr varied from 
0.0001 to 0.0012 for scheelites and 0.0903 to 0.2325 for whole-rocks. The initial 87Sr/86Sr ratios 
were then calculated by using the following decay equation: 
⌈
𝑆𝑟87
𝑆𝑟86
⌉
𝑃
= ⌈ 
𝑆𝑟87
𝑆𝑟86
⌉
𝑖
+
𝑅𝑏87
𝑆𝑟86
(𝑒𝜆87𝑅𝑏×𝑡 − 1) 
re-arranged to calculate for 87Sr/86Sri: 
⌈
𝑆𝑟87
𝑆𝑟86
⌉
𝑖
= ⌈ 
𝑆𝑟87
𝑆𝑟86
⌉
𝑃
−  
𝑅𝑏87
𝑆𝑟86
(𝑒𝜆87𝑅𝑏×𝑡 − 1) 
where i=the initial 87Sr/86Sr at the time of closure of the mineral system, P = measured present-
day Sr ratio, 𝜆87𝑅𝑏 = 1.42×10-11 y-1 and t = 2.6×109 y as the scheelites mineralized ~2600 Ma 
years ago from the Sm-Nd geochronology. Due to the very low 87Rb/86Sr ratios (0.00008 to 
0.001) of scheelites, there is very little radiogenic decay to correct to obtain their initial Sr 
isotopic compositions at the time of their formation. Measured present-day values for 87Sr/86Sr of 
the scheelites were corrected by 3 to 66 ppm for radiogenic in-growth. For the whole-rock 
syenites, the 87Rb/86Sr ratios were higher at 0.09 and 0.23. The calculated initial 87Sr/86Sr at 2.6 
Ga were 0.5-1.2% lower than the present-day values. This is a consequence of the higher 
concentrations of Rb for the two whole-rock syenite samples at 29.4 and 43.8 ppm (with 360 and 
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1,400 ppm in Sr, respectively), compared to the scheelites with typically <1ppm and up to 1.72 
ppm Rb for TC-9 and 1400 ppm and up 5144 ppm Sr. 
The slope of an isochron line can be used to determine the age of a radiogenic system. The slope 
of a straight line fitted to an array of points is termed a “linear regression” (Dickin 2005). One of 
the ideal approaches involves minimizing the sum of the squares of the distances that the data 
points lie away from the line drawn through the data array. This is hence called least squares fit. 
Since this involves iteration it is usually done using a computer program. In this case, Isoplot® 
version 4.15 was used, which is a downloadable Macro application that can be added to 
Microsoft Excel®. In a simple program, one measurement is defined as “free of error” and the 
other isotope is changed based on the best-fit while the other remains fixed (Dickin 2005). This 
involves the fixed weighting of X vs. Y or individually weighting each point so that it is 
inversely proportional to the squares of standard deviations (Dickin 2005). If the MSWD is <1 
this implies a very good fit. If it is greater than 1 this is less ideal. However, if the values are still 
low or close to 1 this is acceptable. In an ideal situation the deviations of the data from the 
regression line are equal to or less than those expected from experimental error, and all 
regression treatments effectively give the same slope (isochron age) and the same initial ratio. 
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3 147Sm-143Nd age dating of scheelite from the Thunder Creek 
and 144 Gap deposits, Timmins Ontario 
3.1 Introduction 
The Abitibi subprovince, located within the craton of the Superior province, hosts the world’s 
largest Neoarchean terrane of supracrustal rocks (Monecke et al. 2018). This subprovince spans 
across a large portion of eastern Canada, 700km from northern Ontario to northern Quebec 
(Monecke et al. 2018). It is bounded to the west by the Kapuskasing structural zone, and the 
Opatica and Pontiac subprovinces to the north and east, respectively. The Abitibi subprovince 
contains at least 6 deposits that fall within the world-class (≥100 t Au individually) quartz-
carbonate vein hosted gold deposit category (Dubé et al. 2018). Together, these deposits contain 
more than 4400 metric tonnes of gold (Dubé and Gosselin 2007). Gold is associated with large 
listric crustal-scale faults and multiple world-class deposits including Hollinger-McIntyre, 
Dome, Kirkland Lake, and Sigma-Lamaque lie along these faults (Fig 3-1) (Dubé & Gosselin 
2007). For a detailed revision of the Abitibi subprovince geology and information about 
scheelite, see chapter 1. 
The Timmins-Porcupine gold camp, the largest Archean orogenic gold camp in the world, lies 
within the Abitibi subprovince, and historically has yielded more than 75Moz, accounting for 
38.3% of the Au production in the Abitibi subprovince (Dubé et al. 2018, Monecke et al. 2018). 
Numerous historic and current mines, including the Hollinger-McIntyre, Pamour, Dome, Hoyle 
Pond and Timmins West deposits, are located within a 50km long corridor near the Porcupine-
Destor Deformation Zone (PDDZ) (Dubé et al. 2018). This subprovince is of great economic 
importance, and as such a great deal of research has gone into understanding its formation and 
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the events which are associated with such intense gold mineralization. However, the timing and 
method of formation for these gold deposits remains controversial. Unfortunately, gold is 
monoisotopic, and does not contain radiogenic trace elements at high enough concentrations to 
be useful for age-dating. Therefore, dating mineralization requires a mineral that is 
paragenetically related to gold.  
Age-dates of cross-cutting intrusions have been able to provide undisputable maximum ages of 
mineralization; however, the southern Abitibi typically lacks post-mineralization dykes. Many 
dating methods have been applied to hydrothermal and metamorphic minerals in host lithologies 
associated with gold mineralization in an attempt to bracket or date the age of gold deposits. 
These include 40Ar/39Ar dating of vein-hosted muscovite (Hanes et al. 1992), U-Pb dating of 
hydrothermal titanite, rutile and zircon (Claoué-Long et al. 1990, Jemielita et al. 1990, Wong et 
al. 1991), and 147Sm-143Nd dating of scheelite (Bell et al. 1989, Anglin et al. 1996). 
Hydrothermal minerals from these studies were associated with gold, but no convincing evidence 
was provided to demonstrate that the young ages produced were not the cause of a re-
equilibration event.  
Many obtained radiogenic ages are of ~2600 Ma, which is younger than peak metamorphism and 
magmatism in the southern Abitibi province. A U-Pb hydrothermal zircon from a gold-bearing 
vein in Val d’Or yielded an age of ~2680 Ma, consistent with the age of magmatism for many of 
the porphyry intrusions that are related to gold in the Abitibi subprovince, as well as early 
metamorphism and late-accretionary kinematic events (Claoué-Long et al. 1990, Kerrich and 
King 1993). The 39Ar/40Ar system in micas has a low re-setting temperature, if there was a later 
hydrothermal event unrelated to gold it could easily have re-set this system. Other systems 
measured, such as U-Pb in rutile, have closing temperatures of ~400°C and so it is less likely that 
these were re-equilibrated (Jemielita et al. 1990). However, none of these hydrothermal systems 
(39Ar/40Ar in micas, U-Pb in rutile and titanite) have closing temperatures as high as U-Pb in 
zircon (Kerrich and King 1993). 147Sm-143Nd has be shown to retain its initial isotopic 
composition under metamorphic conditions when dating crustal rock (Depaolo and Wasserburg 
1976, Dickin 2005), and so this system in scheelite is a likely candidate for effective 
geochronology of gold deposits where it is present. Although in previous studies a lack of re-
equilibration was not proven. An agreement of the Sm-Nd system in scheelite, along with 
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evidence for a lack of re-equilibration, with other aforementioned age-dated hydrothermal 
mineral systems could demonstrate that there are at least two gold mineralizing events in the 
southern Abitibi province. 
Scheelite is a common hydrothermal accessory mineral at the Thunder Creek and 144 Gap 
deposits within the Timmins West Mine complex, and in other Archean lode-gold deposits. 
Limited geochemical data for scheelite within lode-gold deposits is available, although it is a 
common accessory mineral in many Archean age deposits of this variety. It has previously been 
shown to be contemporaneous with gold mineralization elsewhere in the Timmins-Porcupine 
gold camp (Bell et al. 1989, Bateman et al. 2008). Using reflected light petrography on polished 
thick sections of scheelite in quartz-carbonate veins from the Thunder Creek and 144 Gap 
deposits a relationship between scheelite and gold will be established. The crystal structure of 
scheelite allows it to sequester substantial amounts of rare earth-elements (REE), making it a 
possible tracer for fluid conditions as well as radiogenic age-dating. At the Thunder Creek and 
144 Gap deposits there are two apparent phases of gold mineralization, one that is associated 
with an oxidized mineral assemblage and scheelite. Using geochemical analyses of rare earth 
elements (REE) in scheelite, the fluid redox state and mobility of REE within scheelite can be 
assessed (Sylvester and Ghaderi 1997, Ghaderi et al. 1999, Brugger et al. 2000, 2002, 2008). The 
147Sm-143Nd isotope systematics in scheelite will be used to determine an age for younger gold 
mineralization at the Thunder Creek and 144 Gap deposits. This will also test the ability of 
scheelite to be used as a geochronometer for gold mineralization elsewhere, where it is found to 
be associated with economic mineralization (Bell et al. 1989, Bateman et al. 2008). 
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Figure 3-1 A map of the Abitibi subprovince with generalized geology and major structural 
breaks. Key gold mines are highlighted, along with the Timmins West Mine complex (black 
box). PDDZ = Porcupine Destor Deformation Zone, CLLDZ = Cadillac Larder Lake 
Deformation Zone, KSZ = Kapuskasing Structural Zone. Shapefiles for basemap from the 
Ontario Geologic Survey (1997), projection used = WGS 1984 
3.2 Geologic Setting 
The Timmins-Porcupine gold camp is situated in the eastern Ontario portion of the Abitibi 
subprovince. Numerous historic and current gold mines are hosted along a 50km corridor 
including the Dome, Hollinger-McIntyre, Hoyle Pond and Timmins West deposits (Dubé et al. 
2018). Gold is largely associated with the Porcupine-Destor Deformation Zone (PDDZ), and 
igneous intrusions of various composition (Fig 3-1). Gold occurrences have a close spatial 
relationship with listric crustal scale faulting and regional deformation (Bateman and Bierlein 
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2007). Lithologic units within the camp represent part of a volcano-sedimentary succession 
which spanned ~75 Ma. The contacts between units are represented by various conformities, 
unconformities and disconformities.  
The Abitibi subprovince is made up of 7 distinct lithologic assemblages, of which four are 
present in the Timmins-Porcupine camp. These are the volcanic Deloro and Tisdale assemblages 
and the Porcupine Group and Timiskaming Group sediments (Dubé et al. 2018). These four units 
are largely mafic volcanics that have been altered to varying degrees and an assortment of 
sedimentary units with minor banded iron formations. The Deloro assemblage, 2734-2724 Ma, is 
the oldest unit in the Timmins-Porcupine camp and consists largely of pillowed calc-alkaline 
mafic volcanics, with lesser intermediate to felsic volcanics, and is capped by a banded iron 
formation (Bateman et al. 2008). The Deloro assemblage only occurs to the south of the PDDZ. 
This assemblage is disconformably (distruption in the geochronological sequence) overlain by 
the Tisdale assemblage, 2710-2704 Ma, another package of mafic volcanics which consists of 
massive komatiites that display spinifex texture, theoliitic basalts, and carbonaceous shale beds 
(Ayer et al. 2004, Bateman et al. 2008). The Porcupine group of sediments is relatively young, 
2690-2685 Ma, and disconformably overlies the Tisdale carbonaceous shales (Bateman et al. 
2008). The lower portion of this group is a poorly sorted calc-alkaline pyroclastic deposit, 
overlain by graywacke, siltstone and mudstone sediments as well as minor banded iron 
formations (Bateman et al. 2008). An angular unconformity represents the contact between the 
Porcupine Group and overlying Timiskaming Group of sediments. The latter consists of 
interbedded sandstones, pebbly sandstone, and conglomerates containing distinct jasperoid and 
shale clasts therein. Higher in the stratigraphic sequence graywacke, sandstone and conglomerate 
also contain minor horizons of banded iron formations (Ayer et al. 2002, Bateman et al. 2008). 
Deformation in the Timmins area is characterized by early pre-metamorphic folding, 
representative of D1 and D2 regional deformation events (Bateman et al. 2008, Dubé et al. 2018). 
Syn-metamorphic fabrics overprint these earlier folds (D3 and D4) ((Dubé et al. 2018). Along the 
PDDZ in the Timmins-Porcupine camp two main events are recorded in the faulting and shearing 
fabric; 1) an early syn-Timiskaming brittle faulting episode (2680-2677 Ma) which truncated 
early D1 and D2 folds, with sinistral displacement (Bateman et al. 2008). Second, a syn-
metamorphic high strain shear zone several hundreds of meters wide, dominated by sinistral 
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displacement (Bateman et al. 2008). It is also known that later dextral overprinting occurred 
along this fault, which resulted in further ductile deformation much later in the Abitibi accretion 
history (2650-2600 Ma) (Bleeker 2012). The PDDZ is interpreted as a long-lived strike-slip 
structure, characterized by serpentinite and talc-chlorite schists, active from 2680-2600 Ma 
(Bateman et al. 2008, Bleeker et al. 2012). 
A compositionally diverse variety of intrusives occur throughout the Timmins-Porcupine camp. 
Tonalite-trondjemite-granodiorite plutonism in the Abitibi has occurred throughout its formation 
and generally represents the oldest plutonism. These plutons are attributed to periods of 
extensional subduction and plume-related tectonics. The Kenogamissi batholith is long-lived and 
compositionally diverse from multiple periods of magma influxing, it has been age dated to 
2745-2670 Ma (Bateman et al. 2008). To the west of the Mattagami river fault porphyries are 
more syenitic and less quartz-rich (Macdonald et al. 2005). This contrasts with the rest of the 
Timmins-Porcupine camp where the majority of gold-associated porphyries are Al-rich tonalite-
tronjdhemite-granodiorite (TTG) intrusives, with LREE enrichment (Macdonald et al. 2005). 
Porphyry stocks and dyke swarms intrude volcanic rocks of the Tisdale assemblage, these are 
truncated at the unconformable contact between the Tisdale and Timiskaming assemblages 
(Bateman et al. 2008). 
 Clasts of these porphyries occur in overlying Timiskaming conglomerates. They consist of 
largely plagioclase and lesser quartz phenocrysts in a fine-grained groundmass of feldspars, 
quartz, sericite, chlorite, carbonates, apatite and actinolite (Bateman et al. 2008). Porphyries of 
this category tend to show a strong association with gold mineralization within the mines of the 
Timmins-Porcupine camp, including the Pamour porphyry and the Paymaster porphyry within 
the Dome and Hollinger-McIntyre mines (Bateman et al. 2008). Albitite dykes have a 
composition largely consisting of feldspar with minor quartz, biotite and/or chlorite, sericite, 
carbonate, tourmaline and epidote. Zircons of an albitite dyke from the McIntyre mine produced 
a U-Pb zircon age of 2672.8 ± 1.1 Ma (Corfu et al., 1989, Bateman et al. 2005, Bateman et al. 
2008). This dyke is cross-cut by gold mineralized veins of the Hollinger-McIntyre mine, 
producing a maximum age for gold mineralization. The latest intrusives are a part of the 
Matachewan dyke swarm and Abitibi diabase dykes are very young and have been dated to 
2454±2 Ma. 
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Table 3-1 Geochronological summary of intrusives within the Timmins-Porcupine camp. 
Data from Bateman et al (2008) and sources within. All ages were obtained using U-Pb 
zircon analysis, unless otherwise stated. 
Event Age 
Pamour porphyry 2677±1 Ma 
Albitite dikes 2672.8±1.1 Ma 
Quartz-feldspar porphyries 2690 Ma 
The Timmins West Mine Complex (TWM) occurs west of the Timmins-Porcupine camp, 15-
20km outside the city of Timmins. The complex consists of the Timmins, Thunder Creek and 
144 Gap deposits. Within this complex the volcanic Deloro (2734-2724 Ma), Kidd-Munro 
(2724-2710 Ma) and Tisdale (2710-2704 Ma) assemblages are present along with the 
metasedimentary Porcupine (2690-2685 Ma) and Timiskaming (2679-2669 Ma) Groups (Byrnes 
et al. 2017). Metamorphism within the complex ranges from mid-greenschist to lower-
amphibolite facies, consistent with the rest of the Timmins-Porcupine camp (Byrnes et al. 2017). 
Gold at this complex is largely associated with the ultramafic and syenitic intrusions of the 
Bristol Alkali Complex (BAC) and areas of intense alteration and high strain zones along or 
adjacent to the contact between the Tisdale and Porcupine assemblages (Macdonald et al. 2005, 
Byrnes et al. 2017).  
The mineralogy of the ultramafic end-member of the BAC is predominantly clinopyroxene, with 
minor phlogopite (2-10%), magnetite (minor but locally abundant), and up to 5% apatite 
(Beakhouse 2011). The syenitic end-member intrusives consist of dominantly feldspars of highly 
variable grain size, in some cases very porphyrytic, poikilitic and/or trachytic (Beakhouse 2011). 
Magnetite is usually present, with a heterogeneous distribution. Quartz is a minor component 
occurring as interstitial grains (Beakhouse 2011). Minor amounts of the mafic minerals 
amphibole and biotite are present as well as trace amounts of zircon and apatite (Beakhouse 
2011). Pyrite is the dominant sulphide mineral observed within the BAC intrusives (Macdonald 
et al. 2005). The major focus of this study is placed on the Thunder Creek and 144 Gap deposits 
as they are very genetically similar (hosted by syenite).  
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The gold deposits of the TWM are dominantly associated with the 144 trend, which occurs along 
or immediately adjacent to the unconformable contact between metavolcanics of the Tisdale and 
Porcupine Group metasediments (Fig 3-2). The tops of the mineralized syenite porphyries at the 
Thunder Creek and 144 Gap deposits occur at approximately 400m and 600m, respectively, 
below surface and intrude the footwall to the earlier ultramafics of the BAC and zones of high 
strain (e.g. RSZ at Thunder Creek) (Byrnes et al. 2017). This is immediately northwest of the key 
volcanic-sediment contact (Byrnes et al. 2017).  
The multi-phase crustal scale Porcupine-Destor Deformation Zone passes ~5 km to the south of 
this mine property. At least 3 high strain zones have been recognized within the Timmins 
Deposit, Thunder Creek and 144 Gap Deposit areas. Firstly, the northwest trending, significantly 
folded Holmer Shear Zone (Timmins Deposit), the northeast trending Rusk Shear Zone (RSZ) 
within Thunder Creek and thirdly the high strain zone (144 Gap) (Byrnes et al. 2017). The high 
strain zone within the 144 Gap Deposit area has been interpreted as a possible southwest 
extension of the RSZ or related structure (Byrnes et al. 2017). Campbell (2014) characterized the 
gold mineralization and quartz-carbonate veins at the Thunder Creek deposit, and to a lesser 
extent the 144 Gap deposit. Both deposits are similar with slight differences in the extent of 
present alteration zones and syenite-monzonite textures, as well as pyrite textures.  
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Figure 3-2 Generalized geology surrounding the Timmins West Mine complex, showing the 
Timmins, Thunder Creek and 144 Gap deposits lying along the 144 trend. Geology and 
road shapefiles were obtained from the Ontario Geologic Survey (and references therein) 
(1997).  
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3.2.1 Thunder Creek Deposit 
The Thunder Creek deposit is located 
800-900m south-southwest of the 
Timmins deposit. This deposit occurs 
at the steeply northwest dipping, 
northeast trending contact between 
the Tisdale assemblage volcanics and 
Porcupine Group sediments (Fig 3-3) 
(Byrnes et al. 2017). Ultramafic 
intrusives of the BAC (purple in Fig 
3-3) are early and are cross-cut by 
later feldspar-garnet-biotite 
pegmatitic intrusives and even later 
syenitic dykes (pink intrusives in Fig 
3-3) (Beakhouse 2011). The Rusk 
Shear Zone (RSZ) transects this 
deposit along the contact between the 
metasediments and metavolcanics 
(Fig 3-3). It represents an area of 
intense deformation with more 
dominant quartz-sericite-calcite 
(±hematite) alteration and an intense 
shearing, mylonite to phyllonite, 
fabric (Byrnes et al. 2017).  
Within the deposit, metavolcanics of the Tisdale are fine-grained, green in colour and exhibit 
massive, pillowed or flow breccia textures locally (Byrnes et al. 2017). Chlorite alteration is 
pervasive, and abundant fine-grained magnetite and local hematite alteration are both common 
(Byrnes et al. 2017). On the eastern portion of the deposit, Porcupine metasediments 
unconformably overlie the Tisdale mafic volcanics. Within the Thunder Creek area this 
represents a discontinuous sequence of biotite-rich meta-greywacke metamorphosed siltstones, 
Figure 3-3 Generalized cross-section of Thunder 
Creek deposit. Contacts based off of drill core and 
extrapolation. Re-drawn from Byrnes et al. (2017). 
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metamorphosed argillite, fine-medium grained clastic tuff and laminated chemical 
metasediments containing magnetite (Byrnes et al. 2017). These metasediments occur in the 
footwall to the BAC and the RSZ. Common alteration assemblages consist of sericite, weak 
hematite and strong silicification (Byrnes et al. 2017). Metamorphism within the deposit varies 
from mid-greenschist to lower-amphibolite. The main areas of mineralization arecontained either 
in the RSZ, or is hosted by syenite, see below. 
The RSZ has been described by Campbell (2014) as a multi-protolith mylonite characterized by 
intense ductile deformation that sits along a re-activated fault structure. The formation of the 
original fault structure is thought to be contemporaneous with the emplacement of the Timmins 
porphyry suite dated at 2691-2688Ma, with re-activation thought to be due to D5 deformation 
(Barrie 1992).  
The syenite-monzonite porphyries of the Bristol Alkaline Complex (BAC) are irregularly-shaped 
stocks that may have originated from a syenitic intrusive to the south of the deposit that is termed 
the “Thunder Creek Stock” (Beakhouse 2011, Byrnes et al. 2017). The Thunder Creek stock is 
200m along strike and is fine-grained, equigranular, locally K-feldspar porphyritic and ranges in 
composition from monzonitic to syenitic (Byrnes et al. 2017). The syenite has a pinkish-grey 
ground mass, ranging to brick-red locally. This colouration can be attributed to varying 
quantities of albitic, potassic and hematitic alteration (Byrnes et al. 2017). Brittle deformation is 
evident in the syenite, and strong rheological contrast is formed between it and the surrounding 
metasediments, therefore it likely acted as the conduit for auriferous quartz-carbonate vein 
forming fluids. Mass-balance calculations by Campbell (2014) show intense silica alteration of 
the porphyry, weak sericitization (Byrnes et al. 2017). Minor very fine-grained remnant chlorite 
and amphiboles along with rutile, titanite and monazites are present within the porphyry 
groundmass (Beakhouse 2011).  
The suspected age of the Thunder Creek mineralized syenite porphyry is 2676-2670 Ma 
(~Timiskaming age), which agrees with other syenite and albitite porphyry stock emplacement in 
the Abitibi subprovince (Ayer et al. 2002, Byrnes et al. 2017). The age of the ultramafic 
pyroxenite is 2687 ± 3 Ma (Barrie 1990), determined by U-Pb dating of an andradite garnet, 
which is concurrent with the emplacement of syntectonic intrusions in the Abitibi subprovince 
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(Beakhouse 2011). Thus, the syenite bodies, and associated gold mineralization, are younger 
than 2687 Ma as they cross-cut earlier ultramafic intrusives. Compositionally however, these 
intrusives are compatible with alkaline intrusions of Timiskaming age (2676-2670 Ma). 
Therefore, this age may be inherited and intrusions at Thunder Creek are younger. It does 
however, confirm a maximum age for gold mineralization at Thunder Creek of 2687 Ma.  
Gold mineralization at the Thunder Creek deposit is present within the footwall of the pyroxenite 
unit, adjacent to the Rusk Shear Zone, and within the Thunder Creek stock porphyry 
approximately 500m below surface (Byrnes et al. 2017). The Thunder Creek porphyry is a 
~200m long syenitic-monzonitic body hosting the porphyry ore zone at Thunder Creek (Byrnes 
et al. 2017). At depth syenite intrusions occur in the footwall of the RSZ and host gold in quartz-
carbonate-sulphate-albite-pyrite ± molybdenite, scheelite veins (Fig 3-2) (Byrnes et al. 2017). 
Campbell (2014) characterized three different vein sets at Thunder Creek, V1 veins which appear 
as deformed quartz-carbonate veins, V2 are flat-extensional veins and V3 which are steeply 
dipping, and cross-cut earlier V2 veins. It is assumed that V1 veins are quite early, and likely 
formed during the end of ductile deformation of the RSZ as they present with the most intense 
deformation. V1 veins are largely quartz ± minor pyrite and galena and are weakly mineralized 
(Campbell 2014). V2 vein networks are the most economic and are mildly deformed indicating 
that they were forming during the end-stages of late ductile deformation affecting the RSZ. 
Veining is quartz-carbonate ± minor pyrite, galena, chalcopyrite, molybdenite and scheelite. V3 
veins are barren and consist of primarily quartz with minor amounts of carbonate. They lack 
alteration halos indicating that they formed later than ductile deformation in the deposit.  
Two stages of Au mineralization have been identified at the Thunder Creek deposit, both of 
which are strongly associated with pyrite, the oldest occurring as inclusions in and is coeval with 
pyrite. A second younger phase occurs along pyrite fractures and is associated with an oxidized 
sulphate-hematite-carbonate assemblage and minor scheelite, galena and molybdenite (Campbell 
2014, Byrnes 2017). Samples with little to no pyrite tended to have very low assays or no gold at 
all (Campbell 2014). Two different generations of pyrites are observed; a fine to medium-grained 
euhedral to subhedral type and a medium to coarse-grained, heavily corroded type. The 
association of gold with high abundances of sulphates was investigated further by Howitt and 
Linnen (2018), established strong temporal and spatial relationships between sulphates and the 
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younger stage of gold mineralization. The gold mineralizing fluid for the younger phase is 
suspected to be oxidized based on the sulfate-hematite mineral assemblage.  
3.2.2 144 Gap Deposit 
The 144 Gap deposit is located 750m southwest of the Thunder Creek deposit and is hosted 
within a monzonitic-syenitic porphyry stock that intruded along the steeply northwest dipping, 
northeast trending metavolcanic-metasedimentary contact (Fig 3-4) (Byrnes et al. 2017). The 144 
Gap deposit is immediately northwest of the north-east trending contact between the Tisdale and 
Porcupine formations, in the footwall of the high strain zone 600 to 1000m below surface 
(Byrnes et al. 2017).  
The high strain zone is a less prominent feature here than at the neighbouring Thunder Creek 
deposit, and the contact between the mafic lobe and Porcupine sediments just south of the 
deposit shows almost no evidence of faulting or shearing (Byrnes et al. 2017) Locally there is 
some patchy mineralization and alteration along the contact (Byrnes et al. 2017). Lithological 
contacts along this high strain zone tend to be gradational due to the intensity of deformation 
(Byrnes et al. 2017). The 
pyroxenite of the BAC is 
much more prominent in 
the 144 Gap deposit than at 
Thunder Creek (Fig 3-4).  
The high strain zone is 
directly adjacent to the 
contact between mafic and 
sedimentary sequences 
near surface, at depth it 
separates the mafic 
volcanics from the mafic-
pyroxenite intrusives (Fig 
3-4). Deformation within 
it ranges from mylonitic to 
Figure 3-4 Generalized cross section of the 144 Gap deposit. 
Contacts based off of drill core and extrapolation. Re-drawn 
from Byrnes et al. (2017). 
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phylloniticand varies in thickness from 5 to 20 meters at the 144 Gap deposit (Campbell 2014, 
Byrnes et al. 2017). It represents a remobilized thrust fault which originally was associated with 
the formation of folded sequences in the deposit. The high strain zone at the 144 Gap Deposit is 
a ductile structure which overprints syenite and monzonite intrusives and may have accentuated 
displacement of an earlier structure that was present here (Byrnes et al. 2017). Where the high 
strain zone is mylonitized with ultramafic pyroxenite units the alteration assemblage is largely 
biotite-magnetite-chlorite-calcite with variable amounts of apatite and K-feldspar (Byrnes et al. 
2017). The high-strain zone typically grades into more sericitic-rich components within the 
footwall. Carbonate alteration within the footwall is much more iron rich (dolomite-ankerite) 
indicating a younger alteration phase that overprints the biotite-magnetite-calcite portions of the 
shear zone (Byrnes et al. 2017). Highly boudinaged, and deformed syenite dyklets are spatially 
associated with the sericite-rich portions of the structure (Byrnes et al. 2017).  
The BAC becomes southwesterly-widening towards the 144 Gap deposit. Mafic intrusives in the 
upper portions of the hanging wall become interfingered with the wedge of metasediments 
entrained along the high strain zone. The pyroxenite intrusives are present as a multi-phased, 
heterogenous unit separated by layers of mafic volcanic rock and occur 500-700 m below surface 
(Byrnes et al. 2017). These occur as larger bodies and narrow dykes of dark grey-medium green 
and locally coarse-grained pyroxene-rich units with varying quantities of biotite, magnetite and 
interstitial plagioclase (Beakhouse 2011). The pyroxenite unit is usually separated from the high 
strain zone by mafic volcanics, although a small lobe is adjacent to it (Fig 3-4). Pyroxenite and 
other associated mafic phases are cross-cut by syenite dykes with a dark grey matrix and K-
feldspar megacrysts. As well as being cross-cut by younger hornblende syenite phases, which are 
pinkish-brown, fine-grained and have disseminated amphibole, pyroxene and chlorite grains.  
The mineralized syenite porphyry at the 144 Gap deposit is interfingered with the ultramafic 
pyroxenite and is not emplaced as one large body as it is in the Thunder Creek deposit (Campbell 
2014). Syenite-monzonite porphyries here are more strongly porphyritic, and tend to have a 
darker, red coloured matrix. K-feldspar phenocrysts are blocky and tabular, with evident 
alteration displayed by oscillatory zoning. The matrix is a fine-grained deep salmon colour. 
Syenite contains an assemblage of secondary albite-quartz and is tinted by fine-grained hematite. 
Fine-medium grained disseminated pyrite is often seen throughout the matrix. Within the syenite 
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there are areas of orange-red alteration, and locally specular hematite grains. This alteration is 
late and is associated with the later stage of gold mineralization at the Thunder Creek and 144 
Gap deposits (Howitt et al. 2018). 
The mineralization styles of the 144 Gap and Thunder Creek deposits are very similar, both in 
their host lithologies and associated sulphides and stages of mineralized gold. It is due to this that 
they are thought to be co-genetic and should thus yield similar ages for gold mineralization in 
this study. Gold at the 144 Gap is structurally late, it overprinted and was coeval with the late-
stages of high strain zone development. Mineralization has a steep plunge and occurs as a lobate 
body (Fig 3-4), it is dominantly located with the footwall to the high-strain zone, within the 
syenitic porphyry (Byrnes et al. 2017). This style and positioning of mineralization in the 
footwall of the high strain zone mirrors the RSZ in the Thunder Creek area, suggesting that the 
lithologies in the hanging wall had a fundamental control on gold distribution at both deposits. 
Within the footwall to the high strain zone, mineralized syenite bodies intruded a lobe of mafic 
volcanics in contact with the highly strained areas of the high strain zone (Fig 3-4) (Byrnes et al. 
2017). Syenite intrusions account for approximately 15-20% of the mafic lobe (by volume) and 
become most abundant within 50-200 meters of the high-strain zone (Byrnes et al. 2017). They 
present as lenticular sill-like bodies locally exceeding 100 meters in thickness both within and 
below the mineralized areas (Byrnes et al. 2017). Locally, gold mineralization occurs within the 
shear zone itself.  
Vein networks here have not been fully identified, however gold bearing veins appear to be very 
similar to Thunder Creek except for the absence of galena and molybdenum (Byrnes et al. 2017). 
Where visible gold is present it is generally associated with quartz-carbonate extensional veins 
within syenite hosts containing coarse cubic pyrite (Howitt et al. 2018). There is no direct 
correlation found between gold grade and quartz veining abundance, rather highest gold grades 
are associated with increasing quantities of coarse-grained corroded pyrite (Campbell 2014). 
Two main styles of observed mineralization are quartz-pyrite extensional veins and within both 
disseminated and vein hosted pyrite in carbonate-sericite altered areas along the shear zone and 
altered mafic units (Byrnes et al. 2017). Veining is rarely seen in surrounding mafic volcanics 
and altered sediments. This is due to the rheological contrast between the syenite/monzonite and 
surrounding volcanics/sediments, where syenite supports brittle fracturing.  
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3.3 Sampling and Analytical Methods 
Twenty-six samples from the Thunder Creek deposit and 3 samples from the 144 Gap deposit 
were collected for a Sm-Nd and Sr isotopic study (Table 3-2). 
 
 
 
 
 
 73 
 
Table 3-2 Scheelite samples and locations from the Thunder Creek (TC) and 144 Gap (HWY) deposits. Depth is provided in 
meters (m) for the drill core and in meter-level (ml) for underground grab samples. B# = box number for core. 
Sample 
ID 
Location 
Description 
TC-16-01 555ml Fine-grained scheelite along Qtz-carb vein margins, cross cutting syenite, pervasive hemitization 
TC-01 TC-09-68A, B14 (922.2-926.6) Large 5 cm Qtz-carb vein with fine-medium grained scheelite, and 1-2% Pyrite mineralization 
TC-02 TC-710-22 B54 (228.5-232.9) Fine-medium grained scheelite within 3-5 cm Qtz-carb veins, abundant sulphates (syenite is orange in appearance) 
TC-03 TC-710-22 B53 (224.5-228.5) 2 cm Qtz-carb veins with fine-medium grained scheelite along vein margins growing into the vein. 
TC-04 TC-710-22 B50 (211.5-215.7) 5 cm Qtz-carb veins, disseminated medium-grained scheelite throughout veining, trace-0.01% Py + Mo 
TC-05 TC-710-22 B42 (177.1-181.5) Large 0.5-1 cm scheelite blebs in 5cm quartz-carb veins, 2% cubic Py, trace Mo 
TC-06 TC-710-22 B41 (172.8-177.1) Fine-grained scheelite along Qtz-carb vein margins, trace 0.01% Py 
TC-07 TC-710-22 B39 (164-168.1) Large 0.5-1 cm scheelite bleb within Qtz-carb vein, 2% medium to coarse grained cubic Py and fine-grained dissmeinated 
TC-08 TC-09-68C B96 (850-854.2) Fine-medium grained scheelite agreggates within 1-2 cm Qtz carb veins, 1% fine-medium grained cubic Py 
TC-09 TC-09-68C B97 (854.2-858.5) Large 5-10 cm Qtz-carb vein with 2-3cm scheelite blebs 
TC-10 TC-09-68C B100 (867-871.4) 3cm scheelite grain intergrown with deformed Qtz-carb vein and Ankerite within syenite host 
TC-11 TC-09-68C B106 (880.5-885) 3cm scheelite grain within massive Qtz-carb vein, 1% cubic Py 
TC-12 TC-09-68C (910.5-914.8) Subangular grains within 4 cm Qtz-carb vein, 1% cubic Py within veining, trace-1% in host syenite 
TC-13 TC-09-68C B101 (857.5-866.7) Large scheelite blebs within 5 cm Qtz-carb vein 
TC-14 TC-09-68C (885-889.3) Medium to coarse grained scheelite within Qtz-carb veins + trace Py, Mo and other large Py cubes in adjacent veining 
 74 
TC-15 395ml, FW West Sill 2 cm Qtz-carb vein filled with fine-medium grained scheelite 
TC-16 800ml, HW Fine-grained scheelite along Qtz-carb vein margin, Py mineralization within vein and syenite host 
TC-17 785ml FW, distal Fine-medium grained scheelite, forming aggregates within Qtz-carb veins, 2% fine-medium grained cubic Py 
TC-18 785ml FW, distal Fine-grained scheelite along Qtz-carb vein margins, 2% fine-grained cubic Py mineralization 
TC-19 785ml FW, distal Fine-grained scheelite along Qtz-carb vein margins, 2-3%Py 
TC-20 785ml FW, distal Scheelite aggregates within Qtz-carb veins, fine-grained scheelite along vein margins 
TC-21 415ml 1 cm scheelite grain aggregates within Qtz-carb veins 
TC-22 395ml  2-3 cm scheelite grain aggregates within Qtz-carb veins, 2% subhedral cubic Py mineralization (corroded) 
TC-23 395ml  Large, 4 cm grain within Qtz-carb vein, 2% Py mineralization in surrounding syenite (disseminated) 
TC-24 395ml  3 cm scheelite grains in Qtz-carb vein margins, abundant large blebby Pyrite in both veins  
TC-25 395ml  3 cm scheelite grain aggregates on vein margins, or within syenite host, 2% Py mineralization 
HWY-01 HWY-15-111W2; 840.1-840.6            Coarse scheelite in Qtz-carb vein with minor Py mineralization 
HWY-02 HWY-15-111W2; 869.5 Medium grained scheelite in Qtz-carb vein with minor Py mineralization 
HWY-03 HWY-15-111W2; 941 Large 1-2 cm scheelite grain aggregate and cubic Py in Qtz-carb veining 
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Scheelite grains were initially cut into polished thick sections and were characterized 
using reflected light petrology. This step permitted to establish scheelite textures and its 
relationship with gold and sulphide minerals. These thick sections were then used further 
to establish scheelite geochemistry using electron-dispersive spectroscopy maps (EDS), 
wavelength dispersive spectroscopy maps (WDS), back-scattering imaging maps (BSE) 
and cathodoluminescence maps (CL) on a JEOL JXA-8530F field-emission electron 
microprobe at the Earth and Planetary Materials Analysis Laboratory at Western 
University. The analytical set up used an accelerated voltage of 15kV and a beam current 
of 20nA with a dwell time of 10 ms. On the same polished thick sections, trace element 
abundances were determined using laser-ablation inductively-coupled-plasma-mass-
spectrometry (LA-ICPMS) using a NWR 193 UC laser ablation system coupled with an 
Agilent 7900 quadrupole mass spectrometer at the University of Toronto. The laser beam 
power was set to 10Hz with a beam size of 40µm.  
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Figure 3-5 Cut-core and grab-samples from the Thunder Creek Deposit. All scale 
bars refer to 5 cm. Scheelite appears is weak-moderately deformed quartz-
carbonate veins cross-cutting variably altered syenite. Pyrite was commonly present 
within the same veins and finely disseminated within the syenite porphyry.  
Scheelite grains were selected for isotopic analyses based on the initial characterization 
work. Individual crystals were crushed using an agate mortar and pestle until grains were 
between 200 and 350 micrometers. To achieve the purest mineral separates possible, 
grains were purified using heavy liquid separation using bromoform and hand picking 
using stainless steel tweezers under a binocular microscope.  
Dissolution of the scheelite separates was carried out using methods adapted from Chu et 
al. (2012) at the GEOMETRIC laboratory at Western University. A low-temperature 
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dissolution method at atmospheric pressure was preferred to avoid the dissolution of 
possible zircon inclusions in scheelite. A mixture of HF, HNO3 and HClO4 was used to 
dissolved clean ~50mg of scheelite mineral separates. Tungstic acid precipitates 
(H2WO4) were dissolved using a combination of self-purified, 30% m/v NaOH and 
20mg/ml FeCl3. Sodium hydroxide is self-purified by the addition of a diluted aliquot of 
the 20mg/ml FeCl3 (0.05% m/v FeCl3) producing Fe(OH)3 precipitates which remove the 
majority of REE from the solution. The purification of these solutions is explained 
thoroughly in chapter 2.  
Once the scheelites were fully dissolved, rare earth element (REE) concentrations were 
measured using an iCAP Q quadrupole ICP-MS at the GEOMETRIC laboratory at 
Western University. For each sample, an aliquot of dissolved scheelite corresponding to 
300-500ng Nd was set aside for isotopic dilution with a 150Nd-149Sm double enriched 
spike of know composition and concentration. Subsamples were run through AG50W-X8 
200-400 mesh cation columns to collect REE and Sr while removing unwanted major 
cations and metals (such as Ca and W). REE cuts were put through a 150-250 micron Ln-
spec Eichrom resin to purify Nd and Sm from other REEs. Strontium was subsequently 
run through a separate Sr Ln-spec resin to remove any excess Ca and other matrix 
elements.  
Purified solutions were diluted to 100ppb for Nd, 60ppb for Sm and 50ppb for Sr in 2% 
HNO3 to be analyzed on a Thermo Finnigan Neptune or Nu Instrument Plasma II multi-
collector inductively coupled plasma mass spectrometer (MC-ICPMS) at the University 
of Trent Water Quality Center. The Nd and Sr were measured as 2 blocks of 25 
measurements against the JNdi Nd and SRM 987 Sr standards, respectively. Samarium 
samples were run as 1 block of 25 measurements against the Sm AMES standard. For 
greater details on methodology refer to chapter 2. 
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3.4 Results 
3.4.1 Hand samples and reflected light petrography  
The textural relationships between gold associated minerals and scheelite were identified 
by reflected light petrology. Figure 3-5 contains an image of grab sample TC-24 from the 
395 meter-level within the Thunder Creek mine, from the footwall syenite body. This 
sample displays the strong spatial association between scheelite and coarse-grained 
corroded pyrite which commonly contains young gold as fracture fillings and older gold 
as inclusions, as well as fine-grained euhedral pyrite that is visible in thick section.  
The syenite at Thunder Creek is fine-grained and an orange-salmon colour. Some 
samples were lighter in colour, which represents varying degrees of albitization and 
sericitization. At the Thunder Creek deposit syenite is fine-grained, with locally 
porphyritic K-feldspar grains. Fine-grained disseminated pyrite is found in the syenite 
proximal to quartz veining in the footwall of the RSZ. Alteration in the syenite is largely 
siliceous with minor hematization (Campbell 2014). Syenite from the 144 Gap deposit is 
slightly different with a more continuous porphyritic K-feldspar texture. Euhedral K-
feldspar grains are highly altered and commonly show oscillatory zoning. The syenite 
matrix at 144 Gap is also a darker salmon colour.  
Drill core samples TC-02 and TC-10 are hematized syenite that have been cross cut by 
quartz-carbonate veins (Fig 3-5). The TC-02 sample contains weakly deformed scheelite 
in a quartz-carbonate vein that cross-cuts silicified and hematized Thunder Creek syenite. 
This scheelite occurs as granular aggregates of fine-grained euhedral to subhedral 
scheelite grains, which is a texture common to scheelite (Klein and Hurlbut 1999). Minor 
galena (<1%) is also disseminated throughout strongly deformed quartz veins in this 
sample.  
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Figure 3-6 Core and grab samples from the Thunder Creek deposit. Syenite has an 
orange-red colour due to the presence of sulphates and hematization. Scheelite is 
present within the same Qtz-carbonate veins as gold and large corroded pyrite 
grains that contain gold inclusions. TC = Thunder Creek deposit sample. The 
oxidized mineral assemblage also appears with scheelite (ankerite = Ank), 
particularly in TC-10. Core sample TC-10 shows a More strongly deformed quartz 
vein than the other samples collected and contains abundant ankerite intergrown 
with scheelite. 
The textures in this core sample are not representative of the entire sample suite collected 
from the Thunder Creek and 144 Gap deposits, TC-10 appears to be significantly more 
deformed and lacks carbonate, thus this this could be a V1 vein. 
Scheelite commonly has a porous texture and occurs as aggregates of sub-euhedral 
grains. Small euhedral grains are commonly observed disseminated within the vein 
material. Scheelite is either globular or thin stringers along vein selveges and in either 
case scheelite is almost always in contact with the syenite and grew into a vein. Scheelite 
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has a close textural relationship with gold. At the Thunder Creek and 144 Gap deposits 
scheelite is present within what are characterized as V2 veins (Campbell 2014). Medium 
to coarse grained corroded pyrite mineralized in the same quartz-carbonate veins as 
scheelite. Scheelite was also observed in qtz-carbonate veins with fine-medium grained 
euhedral pyrite, sulphates, and minor hematite, chalcopyrite and galena (Fig 3-5, Fig 3-
6). 
Howitt et al. (2018) showed that the younger phase of gold at the Thunder Creek and 144 
Gap deposits is associated with sulphates (celestine-barite) and carbonates (ankerite). The 
identification of sulphates along with sulphide minerals was confirmed using a benchtop-
SEM-EDS. Sulphates, albite and pyrite are present as mineral inclusions in scheelite . 
The inclusions of pyrite within scheelite are fine to medium grained, whereas coarser 
grained corroded pyrite contains ankerite, galena, chalcopyrite, gold and scheelite all 
either as inclusions or along fractures that cut pyrite (Fig 3-6).  
Gold is present as both inclusions in pyrite and as free gold, the free gold is associated 
with sulphates and hematite and is representative of the younger stage of mineralization. 
Scheelite has commonly sulphate inclusions and occurs in quartz- ankerite-scheelite 
veins. Although free gold was not observed in contact with scheelite, scheelite is present 
in contact with a large corroded pyrite grain which contained gold and chalcopyrite as 
inclusions and scheelite, galena and ankerite as fracture fillings. The older phase of gold 
mineralization at the Thunder Creek and 144 Gap deposits is seen mineralized as 
inclusions along growth zonation margins within coarse-grained corroded pyrite 
(Campbell 2014). As scheelite is not observed with this texture in the coarse-grained 
corroded pyrite, like what is observed with the older phase of gold mineralization, this 
indicates that scheelite is younger than the older gold phase.  
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Figure 3-7 Back-scattered electron (BSE) image of a corroded Pyrite (Py) (the 
matrix in this image) grain containing ankerite (Ank), galena (Gn) and scheelite 
(Sch). The relationship between scheelite and the gold associated mineral ankerite 
demonstrates the crystallization sequence between scheelite and the large corroded 
pyrite grain that contains it. The large corroded pyrite grain containing the 
scheelite, ankerite and galena, hosts the older phase of gold mineralization and 
appears older than scheelite, ankerite and galena. 
 
3.4.2 EMPA analysis 
Element maps obtained using the electron-microprobe analyzer (EMPA) are presented in 
figures 3-7 and 3-8. Electron-dispersive spectroscopy was used to construct maps of Ca, 
W, Na, Mo, Ce, Au, Zr, Ti, Al, Mg, Si, P, S, Fe and Ag and WDS for maps of Sm, Nd, Y 
and Sr , although the concentrations of Nd and Sm were too low to yield useful maps. 
The concentrations of Sr in scheelite grains is observed to be variable based on 
qualitative WDS maps (Fig 3-7 and 3-8). TC-10 displayed primary oscillatory Sr zoning 
(Fig 3-7 A.), whereas all other scheelites have an irregular distribution of Sr, which could 
indicate a younger re-equilibration event that disturbed primary Sr zoning. EDS maps of 
W, Fe and Mg illustrate inclusions of fine-grained pyrite in scheelite and ankerite along 
scheelite grain margins (Fig 3-7 and 3-8). Other minerals that occur as inclusions within 
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scheelite are celestine-barite, quartz and albite. Figure 3-8 shows the occurrence of a 
scheelite grain along fractures of a gold-bearing, corroded pyrite grain, demonstrating 
that the scheelite is younger than the older stage of gold mineralization. Other inclusions 
and fracture fillings in this same pyrite grain are chalcopyrite, galena, ankerite and 
celestine-barite, all of which can be attributed to V2 veining and the young phase of gold 
mineralization. 
              
Figure 3-8 Sr WDS map and Mg and Fe EDS maps of TC-10 scheelite. Brighter 
colours = higher elemental concentration 
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Figure 3-9 Sr WDS and W, Au and Mg EDS maps of TC-24. Gold is highlighted by 
the red box. Brighter colours = higher elemental concentrations 
3.4.3 Laser-Ablation qICP-MS 
Laser-Ablation Quadrupole Inductively Coupled Plasma Mass Spectrometry (LA-
qICPMS) was used to quantify zonation and trace element concentrations in scheelite, 
particularly REE. A NWR 193 UC laser ablation system was coupled with an Agilent 
7900 quadrupole mass spectrometer at the University of Toronto was used to analyze the 
same polished thick sections used for EMPA analysis. The laser beam power was set to 
10Hz with a beam size of 40µm and a NIST 610 standard every 5-10 sample spots. Point-
transects were taken to measure the change in elemental concentration across scheelite 
grains, which could help to determine if zonations were disturbed by a later re-
equilibration event.  
  
79 
Concentrations in ppm for Na, Sr and Mo concentrations as well as ∑REE, La/LuCN, 
Sm/LuCN, Sm/LaCN and Eu/Eu* (Eu = chondrite normalized measured Eu concentrations 
(ppm), Eu* = (Sm (ppm) * Gd (ppm))1/2) are presented in Table 3-3. Na concentration is 
regarded as being relative to the overall REE concentration within scheelite since 
trivalent rare earths require a positive cation to charge balance when substituting into the 
scheelite crystal structure for calcium, this is one of three substitution mechanisms 
originally proposed by Ghaderi (1999) (see chapter 1). Otherwise non-stoichiometric Na 
and ∑REE concentrations could indicate that one of the other two substitution 
mechanisms is responsible for REE concentrations in scheelite at the Thunder Creek and 
144 Gap deposits. Poulin (2016) observed that Mo and Sr concentrations are indicative of 
deposit type, although Sr concentrations are typically found to be high (>100 ppm) in 
scheelite regardless of deposit type. High Sr and low Mo (<695 ppm) concentrations are 
characteristic of scheelite from the Thunder Creek and 144 Gap deposits, which is 
consistent with the metamorphic deposit type of Poulin (2016). La/LuCN (average = 1.9 ± 
0.5 (2SD)) values indicate that there is enrichment in LREE over HREE, and Sm/LuCN 
(average = 39.9 ± 16.0 (2SD)) and Sm/LaCN (average = 20.5 ± 5.6 (2SD)) indicates an 
overall MREE enrichment. REE concentrations were generally high (>100 ppm), 
although there was a large amount of variability (average = 5785.5 ± 2712.8 (2SD)). A 
distinct bell-shape is indicative of MREE enrichment and no europium anomaly (Fig 3-
9). Calculated Eu anomalies give an average Eu/Eu* of 1.01 ± 0.11 (2SD), suggesting 
crystallization from an oxidized fluid.  
To quantify changes in relative Sr concentrations within scheelite grains in Sr WDS 
maps, point transects were taken across scheelite grains. Figure 3-10 displays a Sr WDS 
map with point transect measurements across the grain and graphs with associated 
measurements for Sr, Mo, Y, Ce, Sm, Nd and Lu. The greatest variation in concentration 
is with HREE, specifically Lu, with limited change in light to middle REE.  
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Table 3-3 Summary of LA-ICPMS element data results for scheelite. Measurements were 
normalized to Ca during data reduction using SILLS™. REE values are normalized to 
chondrite values from Sun and McDonough (1989). 
Sample Na (ppm) ± Sr (ppm) ± Mo (ppm) ± La/LuN Sm/LuN Sm/LaN Eu/Eu* ∑REE ± 
TC-01 240 106 3173 1793 333 66 2 45 21 0.9 6742 945 
TC-02 209 143 4066 2004 263 84 2 46 24 1 6262 925 
TC-07 159 79 3983 2127 278 20 2 39 20 1 3886 550 
TC-08 216 236 3955 1979 284 84 2 46 19 0.9 4648 650 
TC-09 217 101 2804 1292 300 68 2 29 16 1 7161 917 
TC-10 175 61 3694 499 252 35 2 37 20 1 5105 720 
TC-11 226 49 3005 1088 254 39 2 33 21 1.1 7764 1066 
TC-12 216 97 3064 1084 262 82 2 35 18 1 5686 776 
TC-14 272 127 2375 844 253 40 2 27 17 1 7820 1003 
TC-21 199 140 5543 2977 213 69 2 46 26 1.1 6446 917 
TC-24 205 132 5027 918 224 41 2 54 23 1.1 4337 622 
TC-25 175 97 5834 2405 195 59 4 66 19 1.1 3567 519 
Avg 209 114 3877 1584 259 57 2 ± 1 40±16 20±6 1.0±0.1 5785 2713 
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Figure 3-10 Chondrite normalized REE graph of scheelite grains from Thunder 
Creek and 144-Gap deposits (chondrite values from Sun and McDonough 1989). All 
scheelite chondrite normalized REE pattern are very similar. 
 
Figure 3-11 Trace element and REE concentrations across TC-08. Point transects 
are shown as red dots across the grain, results are displayed in corresponding 
graphs to the left. “A” is the start of transect 1 and “C” is the start of transect two. 
Points are spaced roughly 500µm apart. Emphasis was placed on targeting areas of 
1
10
100
1000
10000
La Ce Nd Sm Eu Gd Tb Dy Ho Er Yb Lu
S
c
h
e
e
lit
e
/C
h
o
n
d
ri
te
Rare Earth Element
Chondrite Normalized REE Values in Scheelites 
from Thunder Creek
  
82 
differing brightness on WDS maps to evaluate how REE concentrations change with 
Sr. 
3.4.4 Multi-collector ICPMS 
The Sm-Nd isotopic data were measured by MC-ICPMS are presented in Tables 3-4 and 
3-5. TC-10-2 was a duplicate of TC-10 from dissolution and is presented in Table 3-4 
with subsampled scheelite measurements. The εNdi and εSri are given in epsilon notation 
of DePaolo and Wasserburg (1976). 
εK(T) = [(Ri/RT)-1] x 104 
Where Ri is the calculated initial ratio of 
143Nd/144Nd or 87Sr/86Sr, RT is the ratio at time T 
(2.6 Ga) for the normalizing reservoir (e.g. CHUR), and εK(T) is the epsilon value of 
either Nd or Sr at time T. A linear regression of the 147Sm-143Nd isochron is presented in 
Fig 3-11 including all subsampled grains. An age of 2587±49 Ma (MSWD = 2.5) was 
produced with all scheelite grains except TC-10, which did not fall on the isochron and 
yielded a different εNdi value than other samples (Fig 3-11).  
All scheelite grains had relatively high concentrations of Sm and Nd (100-200ppm and 
150-500ppm, respectively). Parent/daughter ratios for Sm/Nd were calculated using the 
isotopic dilution method using a 150Nd/149Sm double spike of known concentration and 
composition. Neodymium isotopic measurements were normalized for mass bias using 
146Nd/144Nd = 0.7129. Cup bias was finally corrected using the average composition of 
repeated JNdi standard analyses and normalizing the unknown samples using its accepted 
value 143Nd/144Nd = 0.512115 ± 0.000007 (Tanaka et al. 2000). The εNdi values for 
scheelites have a minor depleted mantle to CHUR signature with an average value of 1.2 
± 2.2 (2SD). (Table 3-4 and 3-5). The TC-2 subsampled scheelite measurements 
produced an internal isochron age of 2516 ± 88 Ma (MSWD = 0.64) (Fig 3-11). These 
measurements all plot on the scheelite isochron line, and the age is within error of the 
entire scheelite sample suite age. This strongly suggests that the REE within scheelite 
from the Thunder Creek and 144 Gap deposits were not disturbed after scheelite 
mineralization. 
  
83 
Table 3-4 Elemental Sm and Nd concentrations and 147Sm/144Nd and 143Nd/144Nd 
isotopic dilution results obtained by MC-ICPMS for all scheelite samples. Epsilon 
values are initial calculated at 2.6 Ga. 
Sample 
Sample 
weight 
Sm (ppm) Nd (ppm) 
147Sm/1
44Nd 
143Nd/14
4Nd 
± 
143Nd/14
4Ndi 
εNdi 
WGS-1 0.051 213 396 0.3264 0.514937 0.000007 0.509339 1.4 
HWY-1 0.062 168 367 0.2770 0.514076 0.000002 0.509326 -0.6 
HWY1-1 0.017 110 240 0.3036 0.514541 0.000002 0.509367 0.9 
HWY1-3 0.026 107 227 0.4232 0.516598 0.000002 0.509367 2.9 
HWY-3 0.061 218 435 0.3433 0.515261 0.000003 0.509334 -1.7 
TC-2 0.067 164 235 0.3594 0.515508 0.000002 0.509340 -1.4 
TC2-1 0.058 144 248 0.3417 0.515198 0.000003 0.509375 -1.2 
TC2-2 0.088 100 177 0.3352 0.515079 0.000002 0.509391 -0.8 
TC2-3 0.055 94 158 0.3856 0.515789 0.000002 0.509353 -1.3 
TC-3 0.083 152 268 0.3901 0.515863 0.000005 0.509373 -2.6 
TC-7 0.037 128 216 0.3374 0.515145 0.000001 0.509373 -2.0 
TC-8 0.085 102 181 0.3476 0.51530 0.000001 0.509344 -1.7 
TC-9 0.078 123 223 0.3367 0.515149 0.000001 0.509338 0.4 
TC-10 0.060 139 218 0.3351 0.515081 0.000002 0.509331 1.5 
TC-10-2 0.020 118 184 0.3700 0.515658 0.000001 0.509172 6.2 
TC-12 0.058 172 310 0.3668 0.51560 0.000001 0.509360 -1.2 
TC-13 0.057 164 286 0.3507 0.515389 0.000003 0.509340 -1.0 
TC-20 0.048 118 213 0.3426 0.515266 0.000003 0.509375 1.6  
TC-21 0.060 135 245 0.3632 0.515582 0.000004 0.509335 0.6 
TC-24 0.059 110 180 0.2769 0.514115 0.000003 0.509313 0.8 
TC-25 0.062 94.4 155 0.2877 0.514301 0.000004 0.509311 -0.3 
WR-HWY-1 0.229 5.48 29.2 0.1134 0.511221 0.000002 0.509277 0.2 
WR-HWY-3 0.222 3.64 19.0 0.1156 0.511318 0.000002 0.509337 1.3 
WR-TC-2 0.185 0.605 2.60 0.1404 0.511757 0.000003 0.509350 1.6 
WR-TC-3 0.203 1.26 6.35 0.1203 0.511495 0.000002 0.509432 3.2 
WR-TC-7 0.180 2.58 8.44 0.1848 0.512568 0.000002 0.509399 2.6 
WR-TC-8 0.174 2.61 9.20 0.1720 0.512202 0.000002 0.509252 -0.3 
WR-TC-9 0.217 0.407 1.89 0.1304 0.511703 0.000003 0.509467 3.9 
WR-TC-10 0.195 8.27 15.9 0.3138 0.514396 0.000002 0.509014 -5.0 
WR-TC-12 0.188 1.09 4.59 0.1445 0.511590 0.000002 0.509112 -3.1 
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WR-TC-13 0.193 1.39 4.78 0.1764 0.511984 0.000003 0.508959 -6.1 
WR-TC-20 0.180 9.09 18.5 0.2969 0.514307 0.000002 0.509216 -1.0 
WR-TC-21 0.200 1.75 7.66 0.1387 0.511597 0.000002 0.509218 -1.0 
WR-TC-24 0.231 1.78 8.07 0.1336 0.511684 0.000002 0.509393 2.4 
WR-TC-25 0.211 1.51 6.90 0.1332 0.511674 0.000003 0.509391 2.4 
εNdi calculated using the 143Nd/144Nd CHUR value at t=2.6 Ga = 0.509269 
143Nd/144Nd CHUR value at t=2.6 Ga was calculated using 143Nd/144Nd (0.512630) and 147Sm/144Nd 
(0.1960) values from (Bouvier et al. 2008) and 147Sm half-life of 106 Ga.  
 
Figure 3-12 147Sm-143Nd isochron of all measured scheelite values. TC-10 and its 
duplicate, TC-2 subsamples are marked separately. The isochron age for all whole-
grain scheelite and sub-sampled values is 2587 ± 49 Ma. The isochron age for the 
TC-2 subsamples of one individual scheelite is 2516 ± 88 Ma. Errors on 147Sm-143Nd 
and 143Nd/144Nd ratios are 0.0018 and 0.00000001, respectively. More detailed errors 
for individual measurements can be found in Appendix D. 
Strontium isotopic measurements were used along Nd isotopes to evaluate the fluid 
source of the scheelite, e.g., crustal vs. depleted mantle. Scheelite had high concentrations 
of Sr (~1000-2000ppm) and comparatively low concentrations of Rb (<1ppm) and large 
variations in εSri, an average of -0.1, but ranging from -2.6 to 1.6 (Tables 3-6 and 3-7). 
Although the average value may reflect a slightly depleted mantle, it is within error of 
both crustal and depleted mantle signatures (Dickin 2005). Whole-rock syenite Sr values 
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were more radiogenic as they had higher Rb concentrations of ~50ppm. The 87Sr/86Sri 
signatures of the syenites have slightly more crustal signatures, but the closeness to 
CHUR values indicates possible contamination or a mixture of alteration products within 
the syenite. In a εNdi vs. εSri plot (Fig 3-12) scheelite do not form a distinct pattern, and 
plot within the depleted mantle region. In a 143Nd/144Nd vs. 1/Nd (ppm) plot presented in 
Fig 3-13 we observe a lack of relationship between 143Nd/144Nd ratio and concentration 
suggest that fluid mixing was not an important process. 
Table 3-5 Rb and Sr concentrations, measured 87Sr/86Sr and calculated 87Sr/86Sri 
values for scheelites and two whole-rock syenite samples from the Thunder Creek 
and 144 Gap deposits. Concentrations are reported in ppm and were obtained from 
dissolved scheelite solution measurements on the qICP-MS as Western University. 
TC = Thunder Creek and HWY = 144 Gap deposit samples. 
Sample Rb (ppm) Sr (ppm) 87Sr/86Sr 87Sr/86Sri εSri 
Hwy-1 0.324 1762 0.701316 0.000003 -0.6 
HWY-1-1 0.108 1406 0.701411 0.000003 0.9 
HWY-1-3 0.162 2147 0.701553 0.000003 2.9 
Hwy-3 0.179 1831 0.701235 0.000005 -1.7 
TC-2 0.135 4803 0.701243 0.000005 -1.4 
TC 2-1 0.220 2364 0.701270 0.000005 -1.2 
TC 2-2 0.190 1421 0.701300 0.000004 -0.8 
TC 2-3 0.100 2725 0.701250 0.000004 -1.3 
TC-3 0.128 2832 0.701163 0.000005 -2.6 
TC-7 0.096 3505 0.701204 0.000004 -2.0 
TC-8 0.145 2834 0.701230 0.000004 -1.7 
TC-9 1.722 4046 0.701413 0.000004 0.4 
TC-10 0.207 3036 0.701453 0.000004 1.5 
TC10-2 0.423 2530 0.701797 0.000004 6.2 
TC-12 0.109 2867 0.701259 0.000003 -1.2 
TC-13 0.163 2984 0.701278 0.000003 -1.0 
TC-20 0.341 2850 0.701464 0.000003 1.6 
TC-21 0.768 2964 0.701410 0.000003 0.6 
TC-24 0.588 4527 0.701413 0.000003 0.8 
TC-25 0.113 5143 0.701325 0.000004 -0.3 
WR TC-02 43.7 1403 0.706485 0.000005 24.9 
WR TC-21 29.3 366 0.719287 0.000005 131.1 
εSri was normalized to 87Sr/86Sr CHUR at t = 2.6 Ga = 0.70134 
87Sr/86Sr CHUR at t = 2.6 Ga was back-calculated from initial 87Rb/86Sr = 0.0892 and 87Sr/86Sr = 
0.7047  
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87Sr/86Sr for SRM 987 = 0.71025 
±0.0000049 (2SE) based on measurement of BCR-2 standard 
 
Figure 3-13 εNdi vs. εSri for all scheelite grain measurements, including sub-samples 
of TC-2 and HWY-1 and TC-10 and its duplicate. The error on εNdi values is 0.1 
epsilon units. 
 
Figure 3-14 143Nd/144Nd vs. 1/Nd (ppm) for all scheelite grains including subsamples 
and two whole-rock syenite samples. The error on εNdi values is 0.1 epsilon units. 
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3.5 Discussion 
Discussion and interpretation of the geochemistry and Sm, Nd, Sr isotopes of scheelite 
require an understanding of the age of surrounding rocks and the Sr isotopic systematics 
of these same lithologies. The 147Sm-143Nd isotope systematics of scheelite provide an 
age of gold mineralization for the Thunder Creek and 144 Gap deposits. These data are 
assessed to determine whether the age is reliable and whether Sm-Nd age dating of 
scheelite is accurate. The Sr and Nd isotopes are then compared with previous data to 
determine the initial fluid source for scheelite, and possibly gold, at the Thunder Creek 
and 144 Gap deposits. Implications for gold mineralization across the southern Abitibi 
are finally discussed. 
3.5.1 Gold and scheelite 
Gold is commonly associated with scheelite within Archean lode gold deposits (Bell et al. 
1989, Bateman and Bierlein 2007). Textural observations between gold and its associated 
mineral assemblage can be used to provide some context of how scheelite and gold are 
related. Scheelite grains in thick sections are present as euhedral grain clusters, porous 
and almost always in contact with the syenite host and grew into the vein. Scheelite 
grains from this study were present in moderately deformed quartz-carbonate veins with 
pyrite ± galena ± molybdenite and scheelite, with abundant ankerite and sulphates 
(celestine-barite) and minor hematite. Molybdenite was found within the same quartz-
carbonate veins as scheelite but the two were not seen growing together. This is 
consistent with the description of V2 veins from Campbell (2014), which are the most 
economic, and is also consistent with the young gold that is associated with the oxidized 
mineral assemblage as described by Howitt et al. (2018).  
Scheelite occurs in a fractured and corroded pyrite grains that also contain gold and 
chalcopyrite as inclusions and ankerite and galena within fracture fillings, i.e., scheelite is 
younger than the corroded pyrite. Young gold at the Thunder Creek and 144 Gap deposits 
occurs along fracture fillings in coarse-grained, corroded pyrite. Scheelite and gold are 
commonly associated with ankerite and celestine-barite bearing quartz-carbonate veins. 
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Variable abundances of celestine-barite, fine-grained euhedral pyrite and albite are 
present as inclusions in scheelite, and scheelite locally occurs as masses of euhedral to 
subhedral granular aggregates within quartz-carbonate veins. The celestine-barite 
inclusions could be an intergrowth of the two minerals, indicating that they precipitated 
from the same fluid. Scheelite was not seen in direct contact with gold, making it difficult 
to determine their exact relationship. However, based on the textural relationship of 
scheelite with the young gold mineral assemblage it is most likely that scheelite at the 
Thunder Creek and 144 Gap deposits is either contemporaneous with the young phase of 
gold or it slightly pre-dates it, which is similar to the timing in other Archean lode gold 
deposits (Bell 1989, Anglin 1996, Bateman 2008).  
3.5.2 REE and trace element geochemistry 
A detailed analysis of fluid chemistry is beyond the scope of this study. However, the 
geochemistry of scheelite can be discussed in terms of the possible redox state of the 
parent fluid. Ghaderi (1999) proposed that chondrite normalized REE patterns of 
scheelite fit one of two patterns: bell-shaped with the highest concentrations in middle 
REE (Type I), or flat with a Eu anomaly and having lower total REE concentrations 
(Type II). The REE patterns of scheelite from the Thunder Creek and 144 Gap deposits 
are enriched in Sm-Gd, have high total REE concentrations (>100 ppm), and no 
observable Eu anomaly. This is consistent with the Type I of Ghaderi (1999). Other 
characteristics of Thunder Creek and 144 Gap scheelite are higher overall concentrations 
of LREE to HREE, and very low concentrations of Lu, Hf and Zr. The bell-shaped REE 
pattern of the scheelite from the Thunder Creek and 144 Gap deposits is unusual as it 
does not show the typical left-dip or right-dip patterns representative of either crustal or 
depleted mantle fluids. Ghaderi (1999) proposed that the REE patterns are explained by 
substitution mechanisms that involve charge compensation of REE either by Na+, Nb5+ or 
a site vacancy, depending on pattern type (I or II).  However, explaining the patterns 
solely by substitution mechanism does not take into account that other REE-rich minerals 
may precipitate prior to scheelite saturation, and deplete the fluid in REE (Brugger et al. 
2002). This includes feldspars, monzonite and apatites, which concentrate LREE into 
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their crystal structures, whereas pyroxenes, amphibole and garnet commonly sequester 
heavier REE (Faure 2005).  
Raimbault (1993) proposed that chondrite normalized REE patterns in scheelite are 
largely controlled by the precipitation of an additional REE-rich mineral, even if all 
mineral formation is not strictly synchronous, i.e., REE patterns of scheelite are 
representative of the fluid composition on a local scale rather than a deposit-wide scale, 
and do not give an accurate representation of the REE budget of the entire hydrothermal 
fluid. The pyroxenite intrusives that are a part of the BAC, which are host rocks at both 
the Thunder Creek and 144 Gap deposits contain variable quantities of garnets, which 
preferentially sequester HREE. Figure 3-15 shows the chondrite normalized REE graph 
of scheelites from Thunder Creek and 144 Gap Deposits and the chondrite normalized 
REE pattern within an andradite garnet from the Timmins West Mine. Although the 
garnet also displays a right-dip pattern the HREE contents are still much richer than those 
within scheelite. The higher HREE concentration within garnets could account for the 
very low HREE contents found within scheelite. This is inversed for apatite, monazite 
and titanite, which are present as fine-grained accessory minerals in the host syenite. 
Sequestering both heavy and light REE could lead to a MREE enriched pattern, such as 
the one documented here. The ionic radii of MREE (1.09-1.14Å) are closer to that of 
Ca2+ (1.12Å), which could also lead to preferential substitution (Shannon 1976). Thus, 
the REE pattern of scheelite likely is largely dependent on the local REE budget of the 
fluid.  
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Figure 3-15 LA-ICPMS results of scheelite from the Thunder Creek and 144 Gap 
deposits compared to LA-ICPMS results of an Andradite Garnet from the Timmins 
West Mine. Blue lines are scheelite data from both the Thunder Creek and 144 Gao 
Deposits. Garnet data from Greiger (2017), shown as a red-line. All values have 
been normalized to chondrite values from Sun and McDonough (1989). 
Rare-earth elements are all trivalent and therefore have similar behaviour, except for 
europium, which can be Eu2+ or Eu3+ and cerium, which can be Ce3+ or Ce4+. Figure 3-9 
shows that scheelite from the Thunder Creek and 144 Gap deposits lack a Eu anomaly in 
the chrondrite normalized REE patterns and have Eu/Eu* values of 1.01 ± 0.11 (2SD). 
This indicates that scheelite precipitated from an oxidized fluid, which agrees well with 
the oxidized mineral assemblage that accompanies young gold (hematite-sulphates-
ankerite). The mineral assemblage present within the quartz-carbonate veins can also 
demonstrate the pH of the fluid. As there are carbonate minerals present, i.e., ankerite, the 
fluid that mineralized scheelite was not strongly acidic. The presence of muscovite in the 
vein material also indicates that the fluid was not basic, and therefore the fluid was likely 
of a neutral pH.  
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Another method of determining redox state of the fluid is comparing Eu/Eu* values to 
Mo concentration. Molybdenum has multiple valence states, primarily Mo4+, Mo5+ and 
Mo6+. Powellite (CaMoO4) produces a solid solution series with scheelite (CaWO4). A 
particularly effective way of distinguishing the two is the fluorescence colour, where 
scheelite glows blue under UV light and will glow yellow if it contains more than a few 
ppm Mo (Hsu and Galli 1973). The formation of powellite over pure-scheelite is largely 
dependant on the oxygen fugacity and sulfur fugacity of the fluid (Hsu and Galli 1973). 
Experimental data by Hsu and Galli (1973) demonstrated that the formation of 
molybdenite over powellite 800K, 2000 bars is favourable under normal crustal 
conditions. It is possible for nearly pure scheelite; or scheelite with higher quantities of 
molybdenum to co-exist with molybdenite so long as the activity of Mo is high relative to 
that of sulfur. When sulfur fugacity is high it is unlikely that scheelite will contain a high 
powellite mole fraction, as MoS2 (molybdenite) precipitation is more likely. However, 
low powellite contents in scheelite could also could also result from a lack of Mo in 
solution.  
Poulin (2016) observed a correlation between Sr and Mo concentrations from scheelite 
from various deposits. Scheelite from metamorphic terranes have low Mo concentrations 
(~10 ppm) but high Sr contents. The inverse was observed for magmatic deposits, where 
the concentrations of Mo are higher than those of Sr (Poulin 2016). This pattern, of low 
Mo and high Sr concentrations, is observed in multiple deposits from the Timmins-
Porcupine camp such as the Dome, McIntyre, Coniaurum and Pamour deposits (Anglin et 
al. 1987). Average Sr concentrations in scheelite previously measured from the Timmins 
camp are ~2400 ppm (Anglin 1987, Poulin 2016), which agrees well with scheelite from 
the Timmins-West Mine complex (this study). Trace element concentrations within 
scheelite from the same deposit are restricted, which Poulin (2016) attributed to 
deposition from a single fluid source.  
Europium anomalies in scheelite have also been identified as a sensitive tracer for the pH 
and temperature of the fluid (Brugger et al. 2002, 2008), but in this study these 
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parameters are not known. Owing to the presence of carbonates, feldspars, quartz and 
muscovite in the rocks it is reasonable to assume that the pH was near-neutral.  
Eu2+ has been experimentally shown to be more stable at increasing temperatures over 
Eu3+, and neither form preferable ligand complexes with OH-, F- or Cl-. According to Liu 
et al. (2017) Eu2+ is the preferred valence state at fluid temperatures greater than 200°C. 
This suggests that the fluid that late scheelite deposition at the Thunder Creek and 144 
Gap deposits was of low temperature since there is no europium anomaly, yet the 
environment was oxidized. Brugger et al. (2008) calculated the pH of fluids based from 
Eu2+/Eu3+ ratios. Scheelite with type I patterns (such as scheelite from Thunder Creek and 
144 Gap) are interpreted to have precipitated from near-neutral fluids that corresponds to 
maximum gold solubility as HS- (Phillips and Evans 2004). Interestingly, the Dome and 
Hollinger deposits have a type II pattern (flat with a distinct Eu anomaly) (Anglin, 1987), 
which according to Brugger et al. (2008), is representative of host-rock control in 
scheelite affected by fluid-rock interaction after the deposition of gold, where the on-set 
of fluid rock interaction would have changed fluid conditions for gold mineralization. 
However, these calculations were conducted on scheelite from a different gold deposit 
where gold is hosted in altered host-rock, rather than quartz veins. The temperature and 
pH of the fluids at Thunder Creek and 144 Gap are not known, but the lack of a Eu 
anomaly and a bell-shaped chondrite normalized REE pattern of scheelite along with 
oxidized gold-associated mineral assemblages from the Thunder Creek and 144 Gap 
deposit both suggest that the fluid was oxidized at the time of scheelite mineralization 
and that the pH of the fluid was near-neutral.  
3.5.3 147Sm-143Nd Geochronology of Scheelites 
Radiogenic ages of hydrothermal minerals associated with gold are commonly 
controversial. This is because radiogenic systems can be re-set, and the obtained age date 
is representative of a hydrothermal event not associated with mineralization. It is 
therefore important to establish a textural relationship between gold and the mineral 
being used to date its timing. In the current study there is strong textural evidence to 
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indicate that scheelite either pre-dates or is contemporaneous with gold at the Thunder 
Creek and 144 Gap deposits.  
Early attempts of age-dating scheelite at the Hollinger, McIntyre and Coniaurum mines in 
Timmins by Bell et al. (1989) produced, what are widely accepted to be, erroneous ages 
of 2403 ± 47 Ma. A re-setting of the 147Sm-143Nd system within scheelite was suspected, 
however it was later found that systems that may be more easily re-set, specifically Re-
Os in molybdenite, were not (Anglin et al. 1996). It was concluded by Anglin et al. 
(1996) that a later hydrothermal event was unlikely, and that scheelite grains were not 
well selected for age-dating gold mineralization. Historical age-dates obtained for 
scheelite and other gold-associated hydrothermal minerals and radiogenic systems are 
presented for mines in Timmins Porcupine and Val d’Or, shown in Fig 3-14. Many 
systems are concordant at ~2600 Ma, including 40Ar-39Ar of muscovite and fuchsite 
(Hanes et al. 1992), U-Pb dating of rutile, and titanite (Jemielita et al. 1990, Wong et al. 
1991, Ayer et al. 2002), and 147Sm-143Nd dating of scheelite (Bell et al. 1989, Anglin et 
al. 1996).  
The age obtained in this study, 2587±49 Ma, agrees well with other young ages across 
the southern Abitibi subprovince. In contrast, U-Pb hydrothermal vein zircon ages of 
~2680 Ma determined by Claoué-Long et al. (1990) within Val d’Or suggests that all 
younger ages are the result of re-setting events. However, although evidence is provided 
that this zircon is related to gold mineralization, findings of scheelite and gold inclusions, 
it is possible that it represents the age of an older mineralization event as zircons are 
resilient minerals and can be inherited from previously formed lithologies. Bateman et al. 
(2008) observed that scheelite is associated with younger gold in greenstone hosted lode-
gold deposits within the Timmins-Porcupine camp. It is also apparent that there is a 
younger phase of gold at the Thunder Creek and 144 Gap deposits, which the only lower 
age constraint is that the mineralization is older than the Matachewan dyke swarm of 
~2400 Ma. In the Thunder Creek and 144 Gap deposits there are at least two gold events, 
and the younger phase does not currently have any constraints on its lower limits. It is 
now known that ductile deformation occurred as late as ~2600 Ma along the PDDZ and, 
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by association, the Rusk Shear Zone (Bleeker 2012). 
 
Figure 3-16 Gold mines and their suspected ages based on 40Ar-39Ar dating of 
hydrothermal micas (Masliwec et al. 1985, Hanes et al. 1992), 147Sm-143Nd of 
scheelite (Bell et al. 1989, Anglin et al. 1996, this study), U-Pb of rutile (Jemielita et 
al. 1990, Wong et al. 1991) and U-Pb zircon (Claoué-Long et al. 1990, Kerrich and 
King 1993). Base map is of the general geology of the southern Abitibi subprovince 
and gold-associated fault structures. Shapefile data for ArcGIS obtained from the 
Ontario Geology Survey (1997). 
The age obtained for the total number of scheelite measurements taken (n=21), including 
subsamples of TC-2 and HWY-1, is 2587 ± 49 Ma, with an internal isochron age of 2516 
± 88 Ma was produced by the TC-2 scheelite and its subsamples (Fig 3-11). Scheelite 
measurements align well along the calculated linear regression isochron line (Fig 3-11). 
If there was disturbance within the grains a scattered pattern would be expected. The 
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internal isochron age of 2516 ± 88 Ma for TC-2 is imprecise because of only including 3 
samples with limited Sm/Nd spread, but is younger but within errors with the whole-grain 
scheelite age at ~2600 Ma. However, these results could also suggest a younger 
formation event for scheelites, much younger than expected, but which would agree with 
Bell et al. (1989). The third possibility is that this very young age represents re-
equilibration within TC-2.  
The zonation in Sr observed WDS maps in scheelite have very irregular patterns with the 
exception of TC-10 and HWY-2 (Fig 3-15). This could be evidence for re-equilibration 
within scheelite grains, agreeing with the young age obtained to be caused by a later-
hydrothermal event unrelated to gold. TC-10 displays strongly deformed quartz veins, 
and scheelite does not appear to be growing into a quartz-carbonate vein as it did in all 
other hand-samples. This sample thus could be a deformed V1 vein, as described by 
Campbell (2014), which would render this scheelite sample unrelated to gold 
mineralization. Thus, TC-10 displayed a very different mineralization style in hand-
sample than all other scheelite samples and it likely unrelated to the other possibly older 
event for gold formation.  
 
Figure 3-17 Scheelite grains from Thunder Creek and 144 Gap that demonstrate 
primary zoning. Left image is a Sr WDS map of a TC-10 scheelite grain hosted 
within a Qtz-carbonate vein cross-cutting Thunder Creek syenite. Right is a 
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Cathodoluminescence image of a scheelite grain within a Qtz-carbonate vein from 
the 144 Gap deposit, again cross-cutting syenite. 
The REE concentrations in scheelite were measured using LA-ICPMS point transects. 
Heavy REE are much less mobile than LREE (Migdisov et al. 2016). If a remobilization 
event occurred within the REE of the scheelite grains the greatest changes would be 
expected to be seen within the LREE, particularly Ce as it is the lightest rare earth 
element. Instead the opposite is observed. This suggests that secondary remobilization in 
the grain is not likely important and that the variations in concentrations are 
representative of primary zoning.  
Samarium and Nd, and REE in general, have low solubilities and mobilities, and it has 
been demonstrated that they retain original ratios under intense metamorphic conditions 
(Depaolo and Wasserburg 1976). The system is commonly used for the dating of crustal 
rocks that have undergone intense metamorphism that would otherwise re-set other 
commonly used systems such as U-Pb age-dating in crustal rocks (Dickin 2005). For 
whole-rock dating, DePaolo and Wasserburg (1976) found that the Sm-Nd system 
yielded an age much older than U-Pb, indicating that the U-Pb system in continental 
rocks had been disturbed by later metamorphism but Sm-Nd had not. Dutch and Hand 
(2009) found that major elements in metamorphic garnets had been homogenized across 
the grains while REE retained their initial primary zoning pattern, effectively 
demonstrating the slow diffusion rates of REE. Within this same study the closure 
temperature of Sm-Nd was estimated to be >700ºC in garnets.  
Samarium and Nd both have ionic radii similar to Ca2+ (1.11Å, 1.13Å and 1.12Å, 
respectively), meaning that they would likely produce minimal lattice distortion, and 
preserve bond strength within scheelite. Although the Ca2+ site in the scheelite crystal 
lattice can undergo distortion from 1.12Å to 1.00Å over the course of multiple 
substitutions (Shannon 1976), the proximity of Sm and Nd atomic sizes leads to a 
preferred substitution into the scheelite crystal lattice. The agreement between the whole-
grain scheelite isochron and the TC-2 internal isochron, and having the measurements fall 
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along the same linear trend provides excellent evidence that the scheelite are from the 
same fluid and that the system was undisturbed.  
Agreement between the two ages, within error, also provides convincing evidence that 
the system was not re-equilibrated. The lack of change in LREE patterns in scheelite and 
the additional proven resiliency of the 147Sm-143Nd isotopic system to temperatures of 
>700 ºC, as well as very slow diffusion rates and low solubility demonstrates that 
although it is possible for the system to have been re-set it is unlikely. The Sm-Nd age of 
scheelite from the Thunder Creek and 144 Gap deposits represents the age of younger 
gold mineralization at 2587± 49 Ma.  
3.5.4 Sr and Nd isotopes 
Strontium isotopes are excellent tracers of fluid composition, assuming that the mineral 
being measured has not been affected by later re-equilibration, deformation and/or 
metamorphism (Anglin et al. 1987). They also appear to be good tracers of deposit type, 
likely due to common host-lithologies for different deposit types (i.e. metavolcanics in 
greenstone terranes). Strontium and Nd work well together, particularly for understanding 
geodynamic processes of terrestrial reservoirs, as they are two isotopically different 
systems but yield complimentary information (Allègre 2008). Neodymium isotopic 
signatures of rocks from the Archean are consistent with depleted mantle values (Tilton 
and Kwon 1990). It was also found by Jacobsen and Pimentel-Klose (1988) that the εNdi 
of Archean seawater was ~2.0 at 3 Ga. Machado et al. (1987) determined the 87Sr/86Sri for 
clinopyroxenes of Abitibi mafic and ultramafic volcanics. It is important to note that they 
determined the Archean mantle, at the time of Abitibi volcanics, was uniform with 
respect to εSri and εNdi.  
In Fig 3-16 a plot of εNdi vs. εSri is presented for scheelite from the Thunder Creek and 
144 Gap deposits, as well as literature values indicating fields for other scheelite from the 
Timmins-Porcupine camp, Archean volcanics, syenite intrusives, and tonalite intrusives. 
Abitibi volcanics plot together, and the proximity of magmatic intrusive signatures to 
those of komatiites demonstrates the homogeneity of the mantle during the formation of 
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the Abitibi. Scheelite values plot similarly to the Abitibi volcanics, which could be a 
product of mantle homogeneity. However, Nd and Sr isotopic signatures of scheelite are 
not strictly depleted mantle values. The Thunder Creek and 144 Gap deposit scheelite 
have an average εSri of -0.1 ± 3.9 (2SD). Including the standard deviation, this signature 
is not quite representative of the depleted mantle. Initial epsilon Nd results yield a similar 
range of values with an average of 1.5 ± 2.1 (2SD). The variation that is observed in both 
the εNdi and εSri values can be explained in several ways. (1) open-system behavior in 
scheelite, (2) sources which are heterogenous with respect to Sr and Nd, (3) derivation of 
Sr and Nd from isotopically homogenous reservoirs with varying degrees of interaction 
with wall-rocks that are heterogenous with respect to Sr and Nd.  
As discussed previously it appears that the scheelite has maintained its primary zoning 
with respect to REE, and scheelite Sr values are concordant with other Sr-rich minerals 
form Kerrich et al. (1987) and King and Kerrich (1989). McCuaig and Kerrich (1988) 
discuss the Sr-isotopic signatures of Sr-rich minerals that have been measured such as 
scheelite, tourmaline, actinolite, piedmontite, and have found to be paragenetically 
associated with gold. Strontium measurements from several minerals from the same 
deposit are concordant, implying closed-system behavior post mineralization. Although 
no other minerals at the Thunder Creek and 144 Gap deposits are measured, initial ratios 
are generally decoupled from wall-rocks and the scheelites are variably more radiogenic 
that mafic-ultramafic volcanic rocks and granitoids of the greenstone terrane. This 
implies that the Sr in scheelite behaved as a closed system after mineralization. 
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Figure 3-18  Initial εNdi vs. initial εSri values of scheelite and two syenite whole 
rocks from the Thunder Creek and 144 Gap deposits. Squares = scheelite 
measurements from this study, diamonds = scheelite measurements from Bell et al. 
(1989), triangles = Abitibi syenite intrusives and volcanics, circle = tonalite 
intrusions from the Abitibi subprovince. Whole-rock syenite εSri are of 24.6 for 
WR-TC-2 and 131.1 for WR-TC-21, values which fall outside the range of this 
figure. εNdi values for each are 1.6 and -1.0, respectively. Literature data from 
(MacHado et al. 1986, Bell and Blenkinsop 1987, King and Kerrich 1989, Tilton and 
Kwon 1990). 
In order to determine if the Sr from the scheelite had equilibrated with surrounding host 
lithologies mixing lines were measured between Abitibi volcanics and Thunder Creek 
syenite, as well as the mixing between two end-member scheelite compositions. No 
measurements from this study plot on the theoretical mixing lines that were calculated. If 
the Sr of the scheelite and the wall rock were related, actual measured points would plot 
on the theoretical mixing lines. As none of them do, this indicates that the Sr contents 
(ppm) of the scheelite and the wall rocks do not appear to be equilibrated. Within the 
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volcanic-syenite mixing line none of the scheelite plot within this theoretical field, 
indicating that the hydrothermal fluid did not re-equilibrate with the host volcanic rocks 
of the deposits. Addition of Sr from wall-rock sources also seems unlikely since there is 
discordance between syenite and scheelite εNdi and εSri values. 
 
 
 
Figure 3-19 143Nd/144Nd initial ratios vs. 1/Nd (ppm) in scheelites and two syenite 
samples from Thunder Creek and 144 Gap. (left) figure with syenite, (right) figure 
without syenite. Scheelite grain and whole-rock syenite data appear scattered with 
no linear trend emerging between data points.  
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Figure 3-20 87Sr/86Sri values vs. 1/Sr(ppm) in scheelites and two syenite samples 
from Thunder Creek and 144 Gap. (left) figure with syenite, (right) figure without 
syenite. Scheelite grain and whole-rock syenite data appear scattered with no linear 
trend emerging between data points.  
The mixing of Sr from two distinct reservoirs with respect to 87Sr/86Sri produces distinct 
linear trends when plotted against 1/Sr(ppm), the same trend would be observed in Nd 
(Faure 1986). Figures 3-17 and 3-18 display a scattered array of data with no discernable 
trend between concentration and Sr or Nd ratio. This indicates that the scheelite did not 
inherit Sr or Nd contents from external sources. If scheelite grains had inherited Sr and 
Nd from external sources, there would be a trend between the 87Sr/86Sri ratio and 1/Sr 
concentration (ppm), the same would be observed for Nd, which this is not observed. 
However, εNdi and εSri values do not display the homogeneity expected for Archean 
rocks. Therefore, if scheelite did not inherit Sr and Nd content from the addition of other 
sources, causing signatures to be heterogeneous, then it is plausible that the εNdi and εSri 
values represent a hydrothermal fluid that originated from a heterogeneous reservoir, and 
that the Sr and Nd systems in scheelite remained closed.  
In the southwestern Abitibi subprovince, depleted mantle εNdi signatures are consistent, 
whereas near the Rice Lake batholith considerable variation in εHf and εNd values 
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indicate varying crustal contamination (Ketchum et al. 2008). Tisdale assemblage basalts 
in Timmins are nearly pristine mantle-derived magmas, with only local contamination 
(Ayer et al. 2005, Bateman and Bierlein 2007). Of the many geochemical and isotopic 
studies conducted on the volcanic rocks of the Abitibi subprovince, all show derivation 
from juvenile mantle sources, with limited involvement of older crust (Ketchum et al. 
2008). Ketchum et al. (2008) concluded that the εNdi of felsic volcanics of several 
assemblages in the southwestern Abitibi reflect re-melting and integration of older crustal 
material. Results for the tuff of the Deloro assemblage yielded a relatively high εNdi 
value of 2.8, as did other formations from the Porcupine Group, 2.2-5.7 (Ketchum et al. 
2008). In comparison to our results the εNdi values of scheelites are lower, averaging 
1.01 ± 0.11 (2SD).  
Within the deposit the Porcupine metasediments and Deloro metavolcanics are 
prominent, and as mentioned, have a more depleted mantle signature indicating limited 
contamination by older crustal material. Large batholothic complexes and other granitic 
intrusions within the Abitibi subprovince have a larger range of isotopic variation as they 
constitute multiple episodes of magmatic intrusions (Bell and Blenkinsop 1987). 
Although it appears that εSri values agree, the εNdi value of the Otto stock syenite is 
more crustal (-1.6) (Kerrich et al. 1987). Such variation in tonalities and syenites could 
account for the lower depleted mantle values, even though the majority still display 
typical depleted mantle values for the Archean. It is important to note that due to the long 
half-life of the Sm-Nd system, small to moderate crustal contribution may go unnoticed if 
the crustal component was young and was largely juvenile at the time of formation 
(Ketchum et al. 2008). This deposit, along with the other gold deposits in the Timmins-
Porcupine camp, are associated with long-lived crustal-scale structural faults with diverse 
lithologic ensembles. Such diversity in lithology could account for the heterogeneity of 
the source for the hydrothermal fluid.  
3.5.5 Implications for timing of gold mineralization in the Abitibi 
Gold in the northern Abitibi subprovince is proposed to have been deposited at ~2680 Ma 
and older, through dating intrusives that are cross-cutting mineralized veins (Kitney et al. 
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2011). This correlates well with the timing of magmatism associated with major gold 
deposits (2690-2670 Ma) and regional peak metamorphism (2660 Ma). In the southern 
Abitibi subprovince there is a lack of intrusives that cross-cut gold bearing veins, making 
it difficult to book-end the age of mineralization. As such only the underlying host-rock 
or intrusive, of the gold-bearing vein, can be dated to provide an uncontroversial 
maximum age for gold mineralization.  
In order to obtain a more specific age, a hydrothermal mineral directly associated with 
gold needs to be dated, as gold cannot be dated itself. Several controversial ages exist, 
particularly in from Val d’Or where there have been young ages of ~2600 Ma and an 
older age of ~2680 Ma. Many young ages of 2630-2579 Ma have been obtained through 
the age dating of hydrothermal scheelite, rutile, titanite and micas (Bell et al. 1989, 
Jemielita et al. 1990, Wong et al. 1991, Hanes et al. 1992, Anglin et al. 1996). However, 
these are controversial as it places gold mineralization 50-100 Ma after collisional events, 
40-80 Ma after the emplacement of intrusions that are so strongly associated with 
mineralization and ~60Ma after the timing of peak metamorphism in the area.  
Metamorphism and intrusions that created the terrane also produced corridors for fluid 
and mobilized the fluids that could lead to economic mineralization. The formation of 
large listric crustal-scale faults, and the constant dilation of these large structural 
corridors would allow for fluid flow producing possibly creating economic deposits. 
Bleeker (2012) proposed that the formation of these faults also allowed for the intrusion 
of the quartz-feldspar porphyries and syenites that are strongly associated with gold in 
many major gold camps within the southern Abitibi (i.e. Timmins-Porcupine). Bateman 
and Bierlein (2007) compared and contrasted the Kalgoorlie and the Timmins-Porcupine 
gold camps, noting that gold deposits from both demonstrated a strong spatial association 
with major structural faults, but that the timing of the two may be un-related and the 
faulting simply acted as a corridor for the fluids. As, such it is expected that greenstone 
hosted gold would be related to the metamorphism or structural features that define the 
terrane. 
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Figure 3-21 Timing of events in the Abitibi and major metamorphic and structural 
events in the neighbouring Kapuskasing Structural Zone. Gold mineralization in the 
southern Abitibi aligns well with the emplacement of intrusions. Early gold can be 
seen to be associated with D2 regional deformation. Late gold is associated with D5 
regional deformation. Sigma-Lamaque is entered twice on the diagram as two 
different, and contrasting ages, were produced for this deposit. (Data compiled from 
this study, Claoué-Long et al. 1990, Jemielita et al. 1990, Hanes et al. 1992, Corfu 
1993, Anglin et al. 1996, Ayer et al. 1999, 2002, 2005, Ketchum et al. 2008, Bleeker 
2012, Bleeker et al. 2014, Monecke et al. 2018) 
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Figure 3-22 Simplified geology of the Abitibi subprovince with the CLLDZ and 
PDDZ showing mines and what the suspected age of mineralization has been dated 
to (Data from Masliwec et al. 1985, Bell et al. 1989, Jemielita et al. 1990, Wong et al. 
1991, Hanes et al. 1992, Kerrich and Cassidy 1994). 
Based on the agreement in scheelite isochron data, the similarity in chondrite normalized 
REE patterns, and the limited mobility in REE in point transects across scheelite grains it 
can be concluded that the scheelites here were undisturbed by later hydrothermal or 
metamorphic events. Thus, this age represents the age of the younger mineralization at 
the Thunder Creek and 144 Gap deposits, which is similar to younger ages found by 
Jemielita et al. (1990), Wong et al. (1991), Hanes et al. (1992) and Anglin et al. (1996). 
The issue surrounding the young age is determining what event could have caused gold 
mineralization.  
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Late-kinematic events in neighbouring sub-provinces could produce younger ages of gold 
mineralization. Jemielita et al. (1990) and Anglin et al. (1996) proposed that the young 
age found within the Val d’Or camp can be attributed to later deep-seated structural 
movement and metamorphism in the Kapuskasing Structural Zone (KSZ). Metamorphism 
in the KSZ continued as late as 2580Ma (Fig 3-19). This aligns well with the younger 
ages of ~2600Ma found elsewhere in the southern Abitibi subprovince and the young age 
of mineralization at the Thunder Creek and 144 Gap deposits. However, Kerrich and 
King (1993) point-out that Val d’Or is underlain by Pontiac subprovince sediments and is 
likely unrelated to late-uplifting events which occurred in the KSZ. This removes the 
possibility of young ages found by Anglin et al. (1996) in Val d’Or from being produced 
by late metamorphism in the KSZ.  
There is a strong correlation between gold mines and the PDDZ and CLLDZ in the 
southern Abitibi subprovince (Bateman and Bierlein 2007). If the formation of these 
structures is not directly related to gold, it acted as a major conduit for ore-forming fluids. 
Even though the structures were initiated around 2700-2680 Ma, late D3-D5 ductile 
deformation continued to occur along these faults until as late as ~2650-2600 Ma 
(Bateman et al. 2008, Bleeker 2012). Descriptions of different RSZ features are described 
in Campbell (2014) where later crenulations and folding, overprinted by quartz-
extensional veins, may reflect D5 regional deformation. These areas, particularly 
containing quartz-extensional veinlets, are commonly associated with increased pyrite 
concentration and gold mineralization (Campbell 2014). The timing of late D5 regional 
deformation (~2640-2600 Ma) agrees well with the timing of gold mineralization found 
at the Thunder Creek and 144 Gap deposits. The RSZ, and zones of highstrain in the 144 
Gap deposit, could have acted as the corridor necessary for gold mineralizing fluids to 
come into fractures in the brittle host syenite-monzonite intrusives.  
Campbell (2014) also observed that gold bearing veins, V1 and V2, have intense to 
moderate deformation that is attributed to ductile remobilization along the shear zone. 
Movement of fluids along large structural corridors would also support the finding of a 
heterogeneous fluid source with respect to Sr and Nd as there are multiple intrusives and 
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lithologies along one contact to produce a more heterogeneous signature. All major gold 
deposits within the Abitibi subprovince are spatially associated with the PDDZ and 
CLLDZ (Fig 3-19). There appears to be at least two gold mineralizing stages within the 
southern Abitibi, the older of the two determined in Val d’Or by Claoué-Long et al. 
(1990). The age date of a hydrothermal zircon in a gold-bearing vein found with 
scheelite, monazite, muscovite, K-felspar, K-mica, albite and dolomite inclusions was 
dated to ~2680 Ma (Kerrich and King 1993). Gold of this age is likely associated with the 
timing of intrusions associated with the respective deposits, such as quartz-feldspar 
porphyries and syenitic intrusions. It is known, based on age-dating andradite garnet 
within a pyroxenite unit of the BAC, that the maximum age of gold in TWM, and 
similarly elsewhere in the southern Abitibi, is 2687  3 Ma (Barrie 1990). This provides 
an uncontroversial maximum age for gold. The age of the young gold, suggested here, is 
2587 ± 49 Ma, as determined by 147Sm-143Nd dating of hydrothermal scheelite from gold-
bearing veins at the Thunder Creek and 144 Gap deposits. 
3.6 Conclusions 
This study has determined that the age of the young gold mineralization at the Thunder 
Creek and 144 Gap deposits is 2587 ± 49 Ma. The internal isochron age obtained from 
the TC-2 scheelite is 2516 ± 88 Ma based on 3 sub-samples and the initial whole-grain 
scheelite TC-2 sample. This age for an individual crystal, although younger, falls within 
error of the age obtained from the entire scheelite sample suite. The fit of scheelite 147Sm-
143Nd measurements to the linear regression isochron, and the agreement between this 
and the internal isochron age from TC-2, provide evidence that scheelite from the 
Thunder Creek and 144 Gap deposits in the Timmins West Mine have not re-equilibrated 
by a later hydrothermal event and have retained initial REE patterns.  
Chondrite normalized REE patterns from scheelite samples at the Thunder Creek and 144 
Gap deposits revealed a bell-shaped pattern with no europium anomaly, indicating an 
oxidized fluid source and that scheelite likely precipitated from a fluid with a single 
source. The relationship between scheelite and ankerite, at the deposits, reveals that the 
fluid pH was not acidic. Additionally, the presence of micas within the syenite and veins 
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at the deposits indicates the fluid was not basic either, and the pH was near-neutral. 
Additional studies are needed to determine the temperature, pH and transporting ligands 
tungsten and gold. However, the high Sr and low Mo concentrations of scheelite suggest 
that the fluids were metamorphic in origin.  
The 147Sm-143Nd systematics of scheelite at this deposit were successfully used as a 
geochronometer. If a similar technique is employed at other deposits containing scheelite, 
and a relationship between scheelite and economic mineralization is established, this 
geochronometer can be successfully applied elsewhere. The Nd and Sr isotopic data 
indicate that there is no mixing of distinct sources, and that the source of the fluid that 
mineralized scheelite is heterogeneous. There are multiple gold-mineralizing events 
within the southern Abitibi subprovince. The older gold appears to agree with ages of 
mineralization in the northern Abitibi subprovince ~2700-2680 Ma, and the younger 
phase is of ~2600 Ma.  
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 Appendix A 
 
HWY-1 Appearance Modal Abundance% 
Scheelite Large grain 1-2cm 
Disseminated throughout 
sample 
20-25% 
Pyrite None found  
Sulphates None found  
Identifiable silicates K-feldspar – heavily 
altered, cloudy in the 
center but still maintains 
euhedral rectangular shape 
 
 
 
HWY-2 Appearance Modal Abundance% 
Scheelite Large grain – euhedral 
grain aggregates forming 
“veinlets” 
Some euhedral grains 
suspended in quartz 
Orange-brown weathering 
on fringes of larger grains 
20-25% 
Pyrite Hematite <1% - triangular 
pits, almost white 
reflectance, red internal 
reflection 
Magnetite oxidizing to 
hematite – red alteration on 
fringes of subhedral-
anhedral hematite grains 
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Identifiable silicates K-feldspar  10%– heavily 
altered, cloudy in the 
center but still maintains 
euhedral rectangular shape 
Quartz – 10% 
Some rounded grains 
within scheelite grain 
aggregates 
 
 
HWY-3 Appearance Modal Abundance% 
Scheelite Small, anhedral aggregate, 
porous 
20-25% 
Pyrite Euhedral pyrite clusters 
near scheelite, some as 
inclusions 
 
Identifiable silicates K-feldspar – heavily 
altered, cloudy in the 
center but still maintains 
euhedral rectangular shape 
Quartz veinlets, brittle 
fracturing 
 
 
TC-16-1 Appearance Modal Abundance% 
Scheelite Large grain 1-2cm 
Some smaller euhedral 
grain aggregates 
throughout slide 
20-25% 
Pyrite Euhedral-subhedral 
corroded pyrite, porous, 
infilled with quartz 
Fractured 
5% 
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Pores are elongated and 
rectangular, form a cubic 
pattern inside pyrite grain 
 
TC-2 Appearance Modal Abundance% 
Scheelite Vuggy/Porous appearance, 
some disseminated within 
qtz-carb vein. Large grain 
within qtz-carb vein. 
15% 
Pyrite Fine-grained euhedral 
pyrite in vein, disseminated 
pyrite within syenite. 
Gold inclusion within small 
pyrite grain. 
5% 
 
TC-3 Appearance Modal Abundance% 
Scheelite Large granular aggregate 
of euhedral to subhedral 
scheelite growing into vein 
material off syenite. 
15% 
Pyrite Fine-grained euhedral 
pyrite in vein within 
fractures of syenite. 
5% 
 
TC-4 Appearance Modal Abundance% 
Scheelite Large granular aggregate of 
scheelite, appears vuggy 
and porous. Some euhedral 
grains disseminated within 
the vein. 
15-20% 
Pyrite Minimal pyrite 
mineralization. 
<1% 
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TC-5 Appearance Modal Abundance% 
Scheelite Fine-grained disseminated 
scheelite, euhedral grains 
within qtz veining. 
15-20% 
Pyrite Medium to coarse grained 
pyrite in qtz-carb veining. 
2% 
Galena  trace 
Sulphates Within qtz-carb vein 10-15% 
 
TC-6 Appearance Modal Abundance% 
Scheelite Fine-grained and euhedral, 
only found within qtz 
veining 
10% 
Pyrite Minimal pyrite 
mineralization. 
1% 
 
TC-7 Appearance Modal Abundance% 
Scheelite Large granular aggregate 
of eu-subhedral scheelite 
grains with fine-grained 
cubic py inclusions 
15% 
Pyrite Very coarse grained, 
corroded pyrite with Gn as 
inclusions, medium grained 
Py within qtz veining. 
5% 
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TC-8 Appearance Modal Abundance% 
Scheelite Fine grained Py as 
inclusions in medium size 
scheelite granular 
aggregates, small gn and 
ccp inclusions. 
15-20% 
Pyrite Cluster of Py and Gn 
growing together, Gn 
appears later than large 
corroded Py grain. 
4-5% 
 
TC-9 Appearance Modal Abundance% 
Scheelite Euhedral scheelite granular 
aggregate suspended in qtz 
vein, vuggy appearance. 
15% 
Pyrite Trace cubic Py in syenite 0.01% 
 
TC-10 Appearance Modal Abundance% 
Scheelite Eu-subhedral disseminated 
grains within qtz-carb vein 
selveges. 
10% 
Pyrite f.g. cubic euhedral Py 1% 
Sulphates Within syenite 1% 
 
TC-11 Appearance Modal Abundance% 
Scheelite Large granular aggregate of 
scheelite, vuggy 
appearance 
15-20% 
Pyrite Minimal pyrite 
mineralization. 
0.01% 
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TC-12 Appearance Modal Abundance% 
Scheelite Large granular aggregate of 
scheelite, appears vuggy 
and porous. Some euhedral 
grains disseminated within 
the vein. Sulphide 
inclusions. 
15-20% 
Pyrite F.g cubic inclusions within 
scheelite. Py is largely 
disseminated f.g. within 
syenite. 
5% 
Other sulphides Large mixture of 
intergrown sphalerite, 
galena, sulphates, adjacent 
to scheelite granular 
aggregate. Possible rutile 
within syenite. 
 
 
TC-13 Appearance Modal Abundance% 
Scheelite Scheelite granular 
aggregate appears rounded, 
possibly one large grain? 
Mineralized within qtz-
carb vein. 
10% 
Pyrite Large corroded pyrite grain 
within syenite. No 
sulphides within qtz-carb 
vein. 
2% 
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TC-14 Appearance Modal Abundance% 
Scheelite Large euhedral grain 
growing out from vein 
selvege into the vein. 
20% 
Pyrite Fine-medium grained 
euhedral cubic pyrite, 
corroded. Minor gn 
growing around pyrite. 
5% 
 
HWY-1 Appearance Modal Abundance% 
Scheelite f.g. euhedral disseminated 
grains throughout qtz-carb 
vein with small granular 
aggregates. F.g. cubic 
pyrite inclusion. 
15% 
Pyrite m.g.-f.g. euhdral pyrite 
formed into aggregates. 
2% 
Sulphides  Minor gn within vein 
selvege. 
0.01% 
 
HWY-2 Appearance Modal Abundance% 
Scheelite Large granular aggregate of 
scheelite within qtz-carb 
vein.  
15-20% 
Pyrite Minimal pyrite 
mineralization. 
<1% 
sulphides Hematite altering magnetite 
Minor Gn 
0.01% 
 
 
  
124 
TC-20 Appearance Modal Abundance% 
Scheelite Subhedral to euhedral 
elongated granular 
aggregate growing along 
vein selvege. F.g. cubic Py 
inclusions. 
20% 
Pyrite f.g. cubic pyrite. 
c.g. Py, corroded. 
5% 
sulphides f.g. magnetite within 
syenite 
hematite proximal to 
scheelite. 
0.01% 
 
TC-21 Appearance Modal Abundance% 
Scheelite Eu-subhedral scheelite 
grains disseminated within 
qtz-carb vein, collecting 
along selvege. F.g. cubic 
py inclusions. 
15-20% 
Pyrite Free Gold adjacent to cubic 
Pyrite with Gn and Ccp. 
5% 
Sulphides Ccp 
Gn 
0.01% 
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TC-22 Appearance Modal Abundance% 
Scheelite Large granular aggregate of 
scheelite, appears vuggy 
and porous. Some euhedral 
grains disseminated within 
the vein. 
10% 
Pyrite f.g. disseminated Py within 
syenite. 
1-2% 
Sulphides  Possible hematite 0.01% 
 
TC-23 Appearance Modal Abundance% 
Scheelite Large granular aggregate of 
scheelite, appears vuggy 
and porous. Some euhedral 
grains disseminated within 
the vein. 
15% 
Pyrite f.g. disseminated Py within 
syenite 
2% 
sulphides Magnetite oxidizing to 
hematite (dark grey with 
lighter grey, hematite has 
distinct red internal 
reflection). 
0.01% 
 
TC-24 Appearance Modal Abundance% 
Scheelite Large scheelite grain and 
finer eu-subhedral grains 
disseminated within the 
vein. 
20% 
Pyrite Large corroded Py grain in 
contact with large scheelite 
grain. Py has Ccp, Gold 
and Gn as inclusions. 
5-10% 
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TC-2 BSE Image- Py grain with gold inclusion 
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TC-21 BSE Image – Py grain in qtz-carbonate vein with surrounding gold, and tellurides. 
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Appendix C 
TC-01 Na Mg Al Si K Ti Fe Rb Sr Y Zr Mo Ba 
 314 0.33 < L.O.D 104 2.89 <L.O.D <L.O.D. 0.047 2233 507 0.005 354 1.01 
 239 0.65 0.14 139 0.32 <L.O.D 5.03 0.031 2545 447 0.016 339 0.96 
 252 1.94 0.17 139 4.98 0.10 5.48 0.051 3106 369 0.010 347 1.60 
 207 0.57 < L.O.D 146 1.78 0.08 7.38 0.030 3210 372 0.005 348 1.65 
 303 0.86 < L.O.D 142 2.58 <L.O.D <L.O.D. 0.051 2224 505 0.005 334 0.55 
 220 0.90 0.35 148 2.99 0.19 11.01 0.033 4115 366 0.009 357 2.26 
 301 1.83 14.36 169 1.75 0.84 6.65 0.043 2382 526 0.112 364 1.16 
 159 0.87 0.33 188 <L.O.D 0.17 5.92 0.025 4758 297 0.020 286 2.20 
 250 6.28 2.82 134 5.28 0.32 11.53 0.033 2714 434 0.016 340 1.81 
 156 0.87 0.09 132 2.48 <L.O.D 4.35 0.031 4446 232 0.005 255 1.35 
              
Average 240 1.51 2.61 144 2.78 0.28 7.17 0.038 3173 405 0.020 333 1.45 
STD 53.2 1.66 4.88 21.1 1.46 0.26 2.52 0.008 896 91.1 0.031 32.8 0.52 
2SD 106 3.32 9.76 42.2 2.93 0.52 5.05 0.017 1793 182 0.062 65.6 1.05 
  
 
     
 
 
       
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U 
17.5 160 55.4 463 303 106 411 55.1 233 26.8 43.8 3.23 11.6 0.949 0.008 0.412 81.0 0.052 0.088 
17.1 153 52.2 430 270 94 361 47.9 202 23.2 38.7 2.85 10.6 0.880 0.008 0.417 87.5 0.025 0.053 
15.2 127 41.8 333 202 71 272 36.9 159 18.7 31.7 2.40 8.85 0.713 0.006 0.443 94.8 0.046 0.117 
14.4 123 41.9 344 214 70 287 39.0 167 19.5 32.3 2.41 8.93 0.718 0.006 0.429 89.1 0.044 0.054 
19.4 173 58.8 485 299 101 401 53.4 228 26.6 44.1 3.28 11.9 0.919 0.008 0.434 73.6 0.020 0.002 
14.7 123 40.4 320 191 65 256 35.2 155 18.5 32.2 2.47 9.63 0.819 0.006 0.434 108 0.055 0.212 
19.0 178 61.1 504 311 106 416 55.3 235 27.3 45.6 3.41 12.4 1.005 0.013 0.438 84.8 0.037 0.005 
12.2 96.3 33.2 284 200 68 281 37.1 153 17.3 28.9 2.21 8.84 0.797 0.005 0.420 136 0.126 0.661 
17.4 152 50.4 395 236 85 315 43.1 187 21.9 37.3 2.82 10.2 0.847 0.007 0.451 82.8 0.029 0.084 
8.4 75.9 28.0 248 181 63 247 32.0 126 13.5 21.6 1.57 5.98 0.513 0.004 0.403 76.7 0.026 0.058 
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15.5 136 46.3 381 241 83.4 325 43.5 185 21.3 35.6 2.67 9.92 0.816 0.007 0.428 91.6 0.046 0.133 
3.16 31.4 10.4 83.5 47.9 16.5 63.2 8.36 36.5 4.38 7.28 0.53 1.81 0.134 0.002 0.014 17.7 0.028 0.184 
6.32 62.9 20.8 167 95.9 33.1 126 16.7 73.0 8.77 14.5 1.07 3.62 0.269 0.004 0.028 35.4 0.057 0.369 
 
TC-02 Na Mg Al Si K Ti Fe Rb Sr Y Zr Mo Ba 
 194 0.14 <L.O.D. <L.O.D. <L.O.D <L.O.D <L.O.D 0.083 2217 514 0.009 321 0.18 
 146 0.21 < L.O.D 102 <L.O.D <L.O.D <L.O.D 0.080 1952 505 0.008 309 0.08 
 170 1.61 < L.O.D 119 3.43 <L.O.D <L.O.D 0.054 4447 261 0.006 263 2.82 
 195 1.49 0.08 129 4.48 0.079 <L.O.D 0.054 3719 260 0.014 311 3.62 
 210 0.65 < L.O.D 153 6.42 0.091 <L.O.D 0.076 2566 329 0.013 303 1.87 
 331 1.71 0.05 153 <L.O.D <L.O.D 5.13 0.122 2969 355 0.007 290 2.45 
 216 1.72 0.05 165 7.34 0.078 2.33 0.077 2783 354 0.018 324 3.94 
 207 1.78 0.17 155 2.28 <L.O.D 20.9 0.049 2778 414 0.009 322 3.90 
 207 1.06 0.20 178 2.80 <L.O.D <L.O.D 0.055 3278 370 0.018 295 2.91 
 142 0.63 < L.O.D 164 4.35 <L.O.D <L.O.D 0.042 4149 218 0.006 278 1.18 
 214.3 3.10 0.14 138.6 13.29 0.075 0.826 0.074 4378 251 0.024 258 6.07 
 180 1.12 0.11 148.8 5.69 <L.O.D <L.O.D 0.045 4660 224 0.013 234 3.26 
 213 0.72 <L.O.D. 155 5.65 <L.O.D <L.O.D. 0.041 4826 280 0.019 204 1.29 
 167 0.22 <L.O.D. 134 1.85 <L.O.D <L.O.D 0.032 5279 323 0.005 203 0.37 
 252 1.09 <L.O.D. 154 23.96 <L.O.D <L.O.D 0.139 4921 215 0.007 254 1.57 
 164 1.09 <L.O.D. 152 2.61 <L.O.D <L.O.D 0.019 4965 225 0.010 264 2.00 
 445 1.61 <L.O.D. 156 35.69 <L.O.D <L.O.D. 0.174 5233 360 0.007 179 1.77 
 133 0.09 <L.O.D. 157 2.22 <L.O.D <L.O.D 0.036 4748 268 0.004 208 0.21 
 147 1.19 0.46 165 1.16 <L.O.D 2.20 0.017 4729 251 0.040 244 2.78 
 237 1.61 4.53 156 <L.O.D <L.O.D 10.3 0.080 4875 242 0.012 260 3.56 
Average 209 1.19 0.64 149 8.14 0.086 6.96 0.067 4066 300 0.013 263 2.40 
STD 71.6 0.69 1.38 17.3 8.67 0.026 6.97 0.039 1002 75.7 0.008 42.1 1.46 
2SD 143 1.38 2.76 34.6 17.3 0.052 13.9 0.078 2004 151 0.016 84.2 2.93 
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U 
23.0 189 57.0 412 212 80.4 266 38.3 181 23.5 44.5 3.83 16.70 1.520 0.018 0.375 79.5 0.040 0.003 
15.6 138 44.7 354 210 83.6 293 41.9 196 25.5 47.4 3.86 15.77 1.462 0.016 0.356 73.1 0.043 0.006 
10.4 95.6 31.7 246 135 49.9 176 22.9 97 11.7 20.0 1.55 6.2 0.556 0.006 0.342 81.2 0.032 0.007 
11.1 94.2 29.7 226 124 46.2 159 21.3 93 11.5 20.1 1.59 6.42 0.573 0.006 0.333 89.8 0.056 0.028 
13.9 116 36.3 271 148 56.0 186 25.9 119 15.0 27.5 2.27 9.3 0.825 0.008 0.382 89.9 0.036 0.016 
13.9 127 41.7 330 192 69.0 247 33.1 145 17.4 30.0 2.32 8.99 0.763 0.009 0.388 82.6 0.030 0.005 
15.3 128 39.7 297 161 59.3 205 28.5 131 16.6 30.1 2.53 10.4 0.953 0.009 0.363 103 0.039 0.014 
16.7 142 44.4 342 189 68.6 246 34.1 156 19.9 36.2 2.97 12.13 1.129 0.010 0.378 100 0.033 0.014 
12.7 125 42.4 340 193 71.7 251 33.7 148 18.1 31.0 2.37 8.84 0.728 0.010 0.377 68.2 0.040 0.017 
8.32 78.6 25.2 194 105 40.1 138 17.8 76 9.1 15.5 1.21 4.74 0.447 0.004 0.336 61.5 0.013 0.003 
9.92 84.8 26.6 207 122 50.2 162 20.3 84.7 10.1 17.02 1.28 5.06 0.465 0.003 0.305 67.7 0.078 0.094 
8.60 79.4 26.6 219 148 62.8 202 23.4 88.1 9.25 13.1 0.818 2.79 0.241 0.004 0.325 64.3 0.042 0.047 
9.20 74.9 27.0 270 263 111 365 42.5 154 15.8 23.9 1.66 5.9 0.514 0.006 0.331 54.6 0.016 0.005 
10.6 88.5 32.7 327 309 129 415 47.6 171 17.3 26.2 1.86 6.7 0.588 0.006 0.323 58.0 0.012 0.002 
7.33 75.0 26.1 219 139 54.1 194 21.9 81 8.48 11.3 0.620 1.82 0.157 0.003 0.336 51.2 0.014 0.003 
7.42 78.8 27.8 235 146 56.2 204 22.8 83 8.69 11.4 0.621 1.80 0.152 0.003 0.347 50.3 0.018 0.017 
15.2 102 33.0 315 300 131 368 47.7 191 21.4 35.6 2.74 10.9 0.959 0.007 0.344 64.4 0.016 0.003 
6.79 60.6 24.1 255 257 111 366 42.5 153 15.6 23.2 1.63 5.91 0.524 0.006 0.352 54.8 0.013 0.003 
7.18 68.5 25.4 238 178 63.2 249 29.5 111 11.9 17.6 1.16 4.1 0.364 0.006 0.361 63.5 0.035 0.059 
9.67 86.2 28.3 228 136 53.9 184 22.5 90 10.0 15.3 1.03 3.76 0.341 0.005 0.352 69.5 0.046 0.036 
11.0 97.0 32.3 269 182 72 243 30.5 125 14.4 23.8 1.79 6.94 0.618 0.007 0.349 71.0 0.032 0.020 
3.16 24.2 6.89 50.5 59.1 27.3 79.6 9.51 38.0 4.72 9.39 0.839 3.59 0.330 0.003 0.021 15.6 0.016 0.023 
6.33 48.4 13.7 101 118 54.6 159 19.0 76.0 9.44 18.7 1.67 7.19 0.660 0.006 0.042 31.3 0.033 0.046 
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TC-07 Na Mg Al Si K Ti Fe Rb Sr Y Zr Mo Ba 
 117 0.15 < L.O.D 130 <L.O.D. <L.O.D. <L.O.D. <L.O.D. 2853 217 0.011 246 0.41 
 94 0.78 < L.O.D 140 1.25 0.119 2.16 <L.O.D. 3863 192 0.015 279 1.83 
 148 0.70 < L.O.D 125 3.75 0.246 2.78 0.027 4714 262 0.011 273 3.30 
 150 0.83 < L.O.D 145 1.77 0.112 2.88 0.023 2903 278 0.010 285 2.03 
 161 0.74 0.160 139 1.11 0.091 1.96 0.031 2684 300 0.009 269 1.68 
 208 3.95 0.148 130 6.80 0.245 10.4 0.040 5931 254 0.015 259 3.56 
 185 2.57 < L.O.D 136 3.83 0.166 4.10 0.026 4613 283 0.006 282 2.97 
 219 0.73 < L.O.D 165 <L.O.D <L.O.D. 1.73 0.031 2463 320 0.007 294 0.82 
 106 1.34 0.095 161 1.09 <L.O.D. 3.35 <L.O.D. 4461 222 0.016 274 2.58 
 162 1.19 < L.O.D 146 3.79 0.134 3.01 0.031 4218 281 0.012 285 2.82 
              
Average 159 1.42 0.134 143 3.10 0.159 3.60 0.030 3983 266 0.011 278 2.40 
STD 39 1.05 0.028 12.3 1.83 0.058 2.50 0.005 1063 37.1 0.003 9.84 0.828 
2SD 78.6 2.10 0.056 24.7 3.67 0.117 5.01 0.010 2127 74.3 0.006 19.6 1.66 
 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U 
7.90 70.1 22.7 181 109 42.2 141 18.2 77.8 9.2 15.8 1.24 4.81 0.441 0.002 0.278 38.8 0.006 0.002 
5.47 52.7 19.2 170 107 37.0 140 17.0 67.7 7.7 12.3 0.864 3.12 0.278 0.002 0.310 44.9 0.049 0.038 
10.2 82.6 25.5 195 111 43.3 145 19.4 83.6 10.3 18.0 1.45 5.78 0.532 0.003 0.310 67.6 0.053 0.010 
9.30 81.7 27.3 222 133 47.0 174 22.4 97.4 11.7 20.5 1.64 6.40 0.601 0.003 0.322 57.5 0.022 0.005 
9.91 88.4 29.2 237 142 52.3 185 24.3 104 12.7 22.4 1.77 6.99 0.662 0.003 0.322 51.5 0.020 0.010 
8.30 77.3 26.7 222 136 50.2 184 21.7 84.8 9.4 14.0 0.91 3.20 0.275 0.003 0.321 60.1 0.077 0.045 
10.0 83.7 26.6 211 123 46.0 166 21.6 93.4 11.4 19.9 1.57 6.12 0.576 0.003 0.325 75.7 0.095 0.050 
10.8 97.1 30.9 245 140 52.4 184 24.4 106 13.1 23.6 1.93 7.76 0.739 0.002 0.339 48.4 0.016 0.002 
7.25 63.6 21.5 181 110 39.2 147 18.3 76.2 8.9 15.1 1.15 4.42 0.417 0.002 0.315 60.4 0.085 0.048 
10.4 81.9 26.1 209 121 42.4 158 20.7 91.2 11.3 20.3 1.67 6.87 0.664 0.002 0.314 72.5 3.49 0.121 
9.08 78.8 25.9 210 125 45.5 165 21.1 89.6 10.7 18.4 1.44 5.63 0.527 0.002 0.320 59.8 0.435 0.036 
1.66 12.4 3.37 23.2 12.7 5.20 16.9 2.39 12.1 1.68 3.68 0.359 1.57 0.158 0.000 0.008 10.0 1.082 0.035 
3.32 24.9 6.75 46.4 25.4 10.4 33.9 4.78 24.2 3.36 7.36 0.718 3.15 0.317 0.000 0.017 20.0 2.164 0.070 
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TC-08 Na Mg Al Si K Ti Fe Rb Sr Y Zr Mo Ba 
 356 0.909 <L.O.D. 144 3.19 <L.O.D. 5.25 0.040 2749 366 0.009 257 1.97 
 204 2.11 <L.O.D. 147 1.50 0.146 3.40 0.039 2577 396 0.064 322 4.24 
 114 2.27 0.132 138 1.21 0.119 3.83 <L.O.D. 5006 260 0.124 272 6.14 
 180 1.06 <L.O.D. 142 1.38 0.235 4.70 <L.O.D. 3634 351 0.073 322 3.14 
 247 0.818 <L.O.D. 144 2.39 0.100 4.42 0.030 2873 454 0.010 326 3.04 
 290 0.237 <L.O.D. 150 1.23 <L.O.D. 1.91 <L.O.D. 2470 592 0.009 388 2.13 
 138 1.01 0.347 138 <L.O.D <L.O.D. 3.83 0.026 4540 253 0.008 274 1.66 
 214 4.80 <L.O.D. 130 11.4 0.178 11.01 0.071 4617 231 0.007 264 3.23 
 186 1.35 0.158 135 6.10 0.128 5.23 0.051 3685 277 0.017 251 2.49 
 237 0.527 0.099 133 4.16 <L.O.D. <L.O.D. 0.036 2801 412 0.010 294 0.57 
 700 17.50 <L.O.D. 142 11.5 <L.O.D. 2.71 0.058 3233 303 0.011 276 2.35 
 223 0.847 <L.O.D. 141.3 4.64 <L.O.D. 3.16 0.054 3383 363 0.065 273.1 3.58 
 191 1.57 0.149 149.7 4.48 0.229 3.53 0.023 4927 328 0.035 288.4 3.57 
 156 1.36 0.198 144 2.12 0.317 3.46 <L.O.D. 4325 333 0.073 295 3.53 
 194 1.44 <L.O.D. 146 1.25 <L.O.D. 5.93 0.023 2508 390 0.038 311 3.79 
 166 1.13 <L.O.D. 140 7.85 0.100 4.09 0.049 3826 268 0.008 300 4.14 
 128 2.82 0.144 123 4.00 0.192 8.94 0.032 5156 211 0.162 164 5.55 
 194 5.76 0.165 142 8.05 0.144 6.55 0.045 4135 247 0.030 249 3.36 
 170 2.35 <L.O.D. 138 2.59 0.346 5.12 0.031 5598 321 0.485 290 4.96 
 194 1.08 <L.O.D. 134 4.38 0.142 2.59 0.038 5581 221 0.015 258 2.22 
 185 3.31 0.151 139 <L.O.D 0.210 4.61 0.039 4224 309 0.085 272 3.42 
 216 2.67 0.171 140 4.35 0.185 4.68 0.040 3955 326 0.066 284 3.36 
 118 3.68 0.066 6.44 3.14 0.073 2.15 0.013 989 89.8 0.104 41.8 1.27 
 236 7.36 0.133 12.8 6.28 0.146 4.31 0.026 1979 179 0.209 83.7 2.54 
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U 
12.2 113 37.5 306 177 63 222 28.3 123 15.0 26.6 2.08 8.10 0.748 0.003 0.281 48.9 0.018 0.001 
13.1 119 38.2 303 167 56 214 27.5 123 15.5 28.3 2.21 8.48 0.728 0.004 0.309 72.9 0.119 0.060 
8.9 77 25.7 210 122 41 168 19.9 81.6 9.48 14.7 0.99 3.38 0.318 0.004 0.324 87.4 0.211 0.099 
13.5 117 36.4 282 156 50 199 25.3 110 13.7 24.5 1.92 7.31 0.648 0.004 0.334 80.6 0.107 0.055 
20.8 170 47.8 329 158 58 196 26.3 122 16.0 30.7 2.61 10.1 0.940 0.003 0.305 62.3 0.042 0.012 
28.9 229 61.8 419 188 65 231 31.8 154 20.7 40.5 3.45 14.4 1.376 0.003 0.305 66.0 0.029 0.003 
7.6 74.9 25.3 204 117 43 161 19.1 78.5 9.12 14.9 1.03 3.60 0.303 0.002 0.324 53.1 0.021 0.002 
8.5 76 25.5 207 124 44 167 19.1 75.1 8.36 13.0 0.89 3.13 0.275 0.002 0.317 74.6 0.060 0.010 
10.3 89.2 28.8 232 146 55 192 24.2 101 12.0 20.4 1.58 6.14 0.558 0.004 0.299 61.1 0.224 0.029 
13.0 126.5 40.7 308 160 53 211 27.7 124 15.2 26.0 1.89 6.19 0.437 0.003 0.276 48.6 0.012 0.002 
8.8 87 29.2 236 141 47.6 190 23.5 100 12.2 20.9 1.52 5.48 0.453 0.002 0.311 49.7 0.033 0.022 
13.92 119.0 36.1 268.9 140.5 54.6 182.6 24.01 109 13.9 25.4 2.00 7.51 0.661 0.003 0.299 67.4 0.083 0.122 
12.62 100.0 30.6 232 126.9 45.2 169 22.1 99.1 12.4 22.6 1.77 6.84 0.610 0.002 0.316 110 0.229 0.104 
12.9 102 30.7 226 120 44 157 20.8 95.2 12.2 22.7 1.83 7.12 0.648 0.004 0.322 99.3 0.292 0.144 
15.0 123 36.0 261 135 53 182 24.8 114 15.0 27.8 2.25 8.53 0.756 0.002 0.308 79.7 0.167 0.038 
9.4 82 26.8 217 120 39 156 19.3 83.6 10.2 17.7 1.35 5.25 0.471 0.002 0.317 83.3 0.043 0.005 
6.4 57 20.3 188 130 45 172 19.3 76.0 8.48 13.2 0.94 3.25 0.296 0.006 0.273 62.9 0.553 0.462 
8.3 76 25.6 203 115 41 149 17.7 74.3 8.97 15.0 1.12 4.03 0.353 0.002 0.314 56.0 0.076 0.027 
11.6 91 28.8 232 138 45 186 23.0 100 12.3 21.6 1.69 6.26 0.570 0.012 0.332 107 0.292 0.294 
6.1 69 26.3 241 156 54 220 22.5 79.1 7.70 9.5 0.493 1.40 0.121 0.002 0.317 59.5 0.038 0.004 
10.7 93.9 30.1 238 135 47 179 22.3 96.1 11.7 20.2 1.53 5.62 0.489 0.004 0.308 74.9 0.166 0.111 
12.0 104 32.5 252 140 49 184 23.0 100 12.2 21.5 1.65 6.20 0.551 0.003 0.310 72.9 0.140 0.080 
5.11 38.1 9.21 53.3 18.9 6.69 22.1 3.48 20.5 3.18 7.12 0.663 2.82 0.269 0.002 0.015 17.5 0.129 0.111 
10.2 76.2 18.4 106 37.8 13.3 44.3 6.97 41.0 6.37 14.2 1.32 5.65 0.539 0.004 0.030 35.0 0.259 0.223 
 
 
  
174 
TC-09 Na Mg Al Si K Ti Fe Rb Sr Y Zr Mo Ba 
 191 0.50 <L.O.D. 94.1 <L.O.D. 0.101 <L.O.D. 0.056 2787 393 0.005 264.3 1.45 
 285 0.93 0.661 142 1.16 <L.O.D. <L.O.D. 0.060 3068 480 0.139 285 1.74 
 239 2.64 0.072 153 2.60 <L.O.D. <L.O.D. 0.059 2827 439 0.065 263 1.65 
 190 0.87 0.057 124 0.98 0.092 <L.O.D. 0.053 2895 349 0.018 285 1.74 
 215 1.30 <L.O.D. 131 3.89 0.207 <L.O.D. 0.070 3819 360 0.013 262 2.23 
 183 0.57 <L.O.D. 246 <L.O.D. <L.O.D. 1.50 0.053 2613 397 0.003 308 1.04 
 107 0.16 <L.O.D. 169 <L.O.D. <L.O.D. <L.O.D. 0.030 4226 203 0.007 256 0.667 
 237 1.17 0.098 137 1.85 <L.O.D. <L.O.D. 0.069 2471 631 0.007 369 0.334 
 240 0.13 <L.O.D. 155 <L.O.D. <L.O.D. <L.O.D. 0.058 2219 445 0.004 309 0.350 
 304 0.59 0.067 168 1.06 <L.O.D. <L.O.D. 0.064 2192 630 0.011 349 0.491 
 192 0.18 <L.O.D. 163 <L.O.D. <L.O.D. <L.O.D. 0.035 2245 457 0.008 314 0.095 
 200 0.09 <L.O.D. 163 0.59 <L.O.D. <L.O.D. 0.041 2268 444 <L.O.D. 305 0.292 
Average 217 0.789 0.191 159 1.73 0.150 1.50 0.054 2804 440 0.027 300 0.967 
STD 50.8 0.715 0.235 31.0 1.07 0.057 0.00 0.012 646 115.7 0.040 33.8 0.713 
2SD 101 1.43 0.470 62.1 2.14 0.115 0.00 0.025 1292 231 0.081 67.7 1.42 
  
 
 
 
 
 
 
 
            
  
175 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U 
15.7 130 44.3 345 178 66.9 226 32.3 153 20.1 36.8 3.00 12.1 0.972 0.011 0.387 93.7 0.041 0.042 
21.0 184 60.4 448 225 89.2 275 39.3 185 24.0 44.9 3.82 15.3 1.28 0.013 0.464 107 0.054 0.105 
18.4 159 53.1 407 210 80.4 257 36.7 172 22.4 41.1 3.32 13.0 1.03 0.015 0.460 90.0 0.021 0.031 
15.6 127 41.5 311 157 60.6 190 27.4 132 17.3 32.1 2.70 10.8 0.879 0.008 0.478 102 0.028 0.017 
14.8 123 40.5 310 161 64.5 201 28.9 138 18.3 34.6 2.88 12.1 1.03 0.008 0.465 107 0.048 0.035 
16.5 141 45.5 339 161 58.4 195 28.0 137 18.8 35.7 2.97 12.0 1.01 0.008 0.451 88.2 0.035 0.023 
4.97 59.5 25.3 224 133 48.1 165 21.8 94.6 11.1 17.9 1.27 4.45 0.339 0.006 0.448 62.5 0.002 0.001 
37.9 270 72.8 465 189 75.5 225 32.9 172 25.0 52.4 4.82 20.6 1.83 0.011 0.456 92.0 0.359 0.168 
18.3 164 57.2 462 251 86.2 296 40.0 184 23.4 42.8 3.53 14.2 1.21 0.009 0.475 93.1 0.012 0.002 
26.3 225 69.6 495 221 81.2 266 39.3 198 27.5 54.7 4.81 19.8 1.67 0.010 0.483 89.4 0.024 0.016 
15.2 153 54.5 448 242 83.6 291 39.4 182 23.5 42.4 3.45 13.7 1.12 0.011 0.473 94.6 0.014 0.002 
17.2 149 51.4 414 232 81.3 280 38.7 180 23.1 42.7 3.58 14.7 1.27 0.009 0.464 90.9 0.016 0.002 
18.7 159 52.0 393 198 73.5 240 33.8 161 21.3 40.1 3.38 13.7 1.15 0.010 0.465 92.6 0.056 0.036 
7.79 52.1 12.9 80.9 38.2 12.8 44.2 6.06 30.0 4.36 9.60 0.941 4.15 0.375 0.002 0.010 11.6 0.097 0.050 
15.5 104 25.9 161 76.4 25.6 88 12.1 60.1 8.73 19.2 1.88 8.30 0.750 0.004 0.021 23.3 0.194 0.100 
 
TC-10 Na Mg Al Si K Ti Fe Rb Sr Y Zr Mo Ba 
 196 2.38 <L.O.D. 133 2.59 0.308 1.48 0.042 3899 349 0.036 279 1.71 
 200 1.96 0.083 130 6.50 0.119 2.11 0.057 3979 230 0.007 243 1.51 
 180 1.35 0.117 121 5.36 0.139 1.18 0.040 3504 290 0.030 256 1.56 
 124 0.24 <L.O.D. 149 0.74 <L.O.D. <L.O.D. 0.027 3394 296 0.006 230 0.272 
Average 175 1.48 0.100 133 3.80 0.189 1.59 0.041 3694 291 0.020 252 1.26 
STD 30.4 0.80 0.017 9.97 2.26 0.085 0.385 0.010 249 42.1 0.013 17.7 0.578 
2SD 60.8 1.60 0.034 19.9 4.53 0.170 0.771 0.021 499 84.2 0.026 35.4 1.15 
 
 
  
176 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U 
16.0 110 32.2 244 134 48.2 180 24.4 113 14.5 27.6 2.37 10.4 1.04 0.002 0.282 98.7 0.148 0.050 
7.59 68.2 23.2 196 117 41.1 155 19.6 83.3 9.79 16.5 1.27 4.93 0.460 0.001 0.291 56.0 0.036 0.006 
12.2 95.3 29.1 227 125 45.3 164 21.9 99.4 12.4 22.2 1.82 7.42 0.705 0.001 0.301 73.5 0.107 0.027 
10.4 86.7 29.8 271 207 81.0 296 36.7 143 15.0 22.4 1.46 4.85 0.400 0.002 0.307 45.2 0.008 0.000 
11.5 90.1 28.6 235 146 53.9 199 25.6 109 12.9 22.2 1.73 6.92 0.653 0.002 0.295 68.3 0.075 0.021 
3.06 15.2 3.29 27.3 35.9 15.8 56.6 6.60 22.2 2.07 3.90 0.419 2.29 0.254 0.000 0.009 20.2 0.055 0.019 
6.12 30.4 6.58 54.7 71.9 31.6 113 13.2 44.5 4.14 7.81 0.838 4.58 0.508 0.000 0.018 40.4 0.111 0.038 
 
TC-11 Na Mg Al Si K Ti Fe Rb Sr Y Zr Mo Ba 
 229 1.05 <L.O.D. 136 5.62 <L.O.D. <L.O.D. 0.041 4454 268 0.004 241 1.02 
 243 0.69 0.116 161 1.41 <L.O.D. 1.48 0.035 2847 422 0.010 256 0.957 
 218 1.51 0.320 163 3.40 0.105 2.15 0.044 3715 334 0.006 238 3.12 
 200 2.25 4.240 145 1.12 0.186 5.76 0.027 3082 368 0.015 229 0.409 
 243 0.30 <L.O.D. 125 1.41 <L.O.D. <L.O.D. 0.037 2551 461 0.009 275 0.253 
 237 0.25 <L.O.D. 150 0.48 <L.O.D. <L.O.D. 0.049 2378 555 0.005 285 0.161 
 231 0.75 0.224 170 2.83 <L.O.D. <L.O.D. 0.058 3080 384 0.011 240 0.914 
 200 1.50 0.314 169 2.10 0.050 <L.O.D. 0.030 2770 353 0.008 242 1.31 
 222 1.68 <L.O.D. 169 2.61 <L.O.D. 2.56 0.035 2823 363 0.006 236 2.54 
 190 17.83 5.803 168 2.66 <L.O.D. 27.1 0.038 3029 359 0.015 267 3.20 
 215 0.14 <L.O.D. 151 <L.O.D <L.O.D. <L.O.D. 0.052 2657 409 <L.O.D. 246 0.353 
 287 0.25 <L.O.D. 162 0.92 <L.O.D. 1.33 0.045 2678 527 0.004 288 0.231 
Average 226 2.35 1.84 156 2.20 0.114 6.07 0.041 3005 400 0.008 254 1.20 
STD 24.6 4.71 2.30 13.9 1.32 0.055 8.72 0.008 544 77.7 0.003 19.2 1.07 
2SD 49.2 9.42 4.60 27.9 2.65 0.111 17.4 0.017 1088 155 0.007 38.5 2.15 
 
 
  
177 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U 
9.62 96.5 34.4 280 165 65.1 225 28.4 118 13.3 20.7 1.34 4.77 0.380 0.004 0.352 57.6 0.042 0.035 
14.2 125 43.0 366 251 94.5 362 48.5 209.0 24.0 40.9 3.10 11.8 1.03 0.007 0.388 77.7 0.026 0.016 
15.5 123 38.4 288 163 66.3 220 30.4 137.2 16.6 29.8 2.39 9.71 0.869 0.004 0.400 85.3 0.044 0.017 
13.1 124 42.3 347 203 77.1 271 36.6 164 19.5 34.2 2.65 10.3 0.876 0.005 0.383 73.8 0.010 0.005 
18.5 169 56.1 438 244 93.6 318 43.6 196 23.9 42.5 3.33 13.0 1.09 0.007 0.380 97.6 0.022 0.003 
21.1 193 63.1 485 267 106 349 49.0 225 28.0 51.4 4.18 16.8 1.45 0.007 0.427 93.4 0.026 0.003 
15.7 132 44.2 352 210 81.0 286 39.7 178 21.8 37.8 2.99 11.6 1.01 0.006 0.444 95.9 0.023 0.013 
14.2 118 38.0 286 164 72.5 222 32.2 148 18.2 33.8 2.84 11.5 1.10 0.004 0.451 96.7 0.022 0.008 
16.1 133 42.2 322 185 79.6 249 35.3 160 19.5 35.8 2.90 11.7 1.09 0.006 0.437 102 0.076 0.012 
15.2 124 39.0 286 159 71.6 212 30.7 141 17.8 33.0 2.79 11.8 1.13 0.005 0.446 106 0.071 0.060 
10.6 106 38.9 338 219 85.1 315 43.9 196 24.0 41.8 3.24 12.7 1.14 0.008 0.474 94 0.010 0.003 
24.8 209 67.4 522 305 122 404 55.0 238 28.0 49.0 3.89 15.3 1.37 0.009 0.443 106 0.034 0.006 
15.7 138 45.6 359 211 84.6 286 39.4 176 21.2 37.6 2.97 11.7 1.04 0.006 0.419 90.7 0.034 0.015 
4.02 32.8 10.1 77.7 45.4 16.4 61.1 8.2 35.7 4.33 8.01 0.688 2.83 0.259 0.001 0.035 13.9 0.020 0.016 
8.04 65.7 20.3 155 90.9 32.8 122 16.4 71.5 8.67 16.0 1.37 5.66 0.519 0.003 0.070 27.9 0.040 0.032 
 
 
 
 
 
 
  
178 
 
TC-12 Na Mg Al Si K Ti Fe Rb Sr Y Zr Mo Ba 
 
272 1.78 <L.O.D. 124 1.61 <L.O.D. 3.54 0.049 3507 504 0.014 183 2.43 
 
232 0.17 <L.O.D. 144 0.492 <L.O.D. <L.O.D. <L.O.D. 2476 494 0.009 305 0.11 
 
110 1.32 <L.O.D. 149 0.622 <L.O.D. 2.70 <L.O.D. 3612 216 0.018 253 2.58 
 
264 1.06 <L.O.D. 136 4.55 <L.O.D. 6.54 0.041 2512 437 0.010 321 3.42 
 
195 0.48 <L.O.D. 146 1.43 <L.O.D. 1.42 0.050 2089 344 0.009 299 0.48 
 
198 1.07 <L.O.D. 139 2.73 <L.O.D. 2.07 0.031 2773 341 0.012 244 2.49 
 
295 0.71 <L.O.D. 152 0.612 <L.O.D. 1.08 0.036 3537 560 0.012 199 0.57 
 
219 0.71 <L.O.D. 328 0.793 <L.O.D. 1.01 <L.O.D. 3136 348 0.006 284 0.98 
 
181 2.00 0.184 157 1.81 0.108 4.23 0.026 3831 322 0.087 246 2.85 
 
224 0.53 <L.O.D. 147 0.466 0.123 2.34 <L.O.D. 2778 386 0.012 276 1.19 
 
191 1.53 0.160 140 1.71 <L.O.D. 4.06 0.027 3455 334 0.108 270 2.02 
Average 216 1.03 0.172 160 1.53 0.115 2.90 0.037 3064 390 0.027 262 1.74 
STD 48.6 0.55 0.012 53.6 1.17 0.007 1.63 0.009 542 94.9 0.033 40.8 1.06 
2SD 97 1.10 0.024 107.3 2.34 0.014 3.27 0.018 1084 189 0.067 81.6 2.12 
 
 
 
 
 
 
  
179 
 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U 
21.0 172 52.5 390 213 73.0 281 38.2 173 21.5 39.7 3.21 13.3 1.24 0.005 0.256 81.8 0.021 0.007 
18.9 159 49.1 381 228 82.7 316 42.5 187 22.7 39.6 3.05 11.6 1.01 0.006 0.278 76.4 0.029 0.065 
6.83 66.0 23.2 196 119 38.9 151 18.7 78.1 9.11 14.9 1.08 3.88 0.345 0.002 0.305 64.1 0.039 0.023 
16.1 144 45.9 358 213 77.3 274 36.3 157 18.7 33.1 2.63 10.2 0.885 0.005 0.291 76.6 0.022 0.007 
14.5 123 38.5 297 177 65.1 226 28.9 125 14.9 26.6 2.12 8.54 0.770 0.003 0.299 57.4 0.020 0.003 
12.9 112 33.9 250 135 57.5 179 24.6 112 14.1 25.5 2.07 8.05 0.717 0.002 0.260 67.6 0.020 0.005 
23.0 179 51.3 374 200 72.7 271 37.9 176 22.5 42.2 3.55 14.4 1.36 0.004 0.280 74.1 0.034 0.009 
14.6 115 35.6 274 168 62.5 230 30.3 129 15.3 26.7 2.08 8.08 0.729 0.003 0.276 78.2 0.019 0.004 
13.0 101 31.0 237 141 50.6 191 25.7 112 13.7 24.4 1.94 7.83 0.738 0.004 0.281 76.7 0.110 0.035 
13.9 117 37.4 302 200 73.4 280 36.5 153 17.7 29.8 2.25 8.81 0.787 0.004 0.281 62.5 0.020 0.001 
12.9 103 32.7 260 161 57.1 219 28.7 123 14.6 25.6 2.00 8.04 0.751 0.004 0.293 65.5 0.153 0.058 
15.2 127 39.2 302 178 64.6 238 31.7 139 16.8 29.8 2.36 9.36 0.849 0.004 0.282 71.0 0.044 0.020 
4.23 32.4 8.92 62.6 34.3 12.3 48.6 6.85 31.7 4.06 7.78 0.664 2.80 0.263 0.001 0.014 7.49 0.042 0.021 
8.46 64.8 17.8 125 68.6 24.6 97.3 13.7 63.5 8.12 15.5 1.32 5.60 0.527 0.002 0.028 14.9 0.085 0.043 
 
 
 
 
 
 
  
180 
 
TC-14 Na Mg Al Si K Ti Fe Rb Sr Y Zr Mo Ba 
 
221 7.10 <L.O.D. 174 2.83 <L.O.D. 1.31 0.034 2545 353 0.016 241 2.453 
 
289 0.658 <L.O.D. 173 0.91 <L.O.D. <L.O.D. 0.036 2656 472 0.015 245 1.80 
 
259 0.553 <L.O.D. 178 1.03 <L.O.D. <L.O.D. 0.029 2392 464 0.015 262 0.859 
 
244 0.593 <L.O.D. 171 <L.O.D. <L.O.D. <L.O.D. <L.O.D. 2479 406 0.009 256 1.04 
 
243 0.357 <L.O.D. 174 0.61 <L.O.D. <L.O.D. 0.027 2715 389 0.010 257 0.490 
 
159 0.472 <L.O.D. 159 <L.O.D. <L.O.D. <L.O.D. 0.033 2402 418 0.018 246 0.168 
 
206 0.586 <L.O.D. 159 0.66 <L.O.D. <L.O.D. 0.040 2187 458 0.008 260 0.124 
 
209 0.439 <L.O.D. 169 0.99 <L.O.D. <L.O.D. 0.028 2328 437 0.013 238 0.124 
 
283 4.18 <L.O.D. 166 3.19 <L.O.D. 1.56 0.048 2176 563 0.010 232 0.717 
 
291 0.444 <L.O.D. 174 1.58 <L.O.D. <L.O.D. 0.050 1958 662 0.012 240 0.148 
 
315 0.704 <L.O.D. 155 1.30 <L.O.D. <L.O.D. 0.046 1772 873 0.016 284 0.116 
 
452 0.949 0.968 193 1.58 <L.O.D. 1.80 0.050 1856 945 0.015 288 0.248 
 
349 0.383 <L.O.D. 175 3.53 <L.O.D. <L.O.D. 0.084 1976 758 0.008 273 0.139 
 
246 0.753 <L.O.D. 157 1.36 <L.O.D. 1.45 0.032 3223 425 0.012 256 0.752 
 
290 0.404 <L.O.D. 155 1.12 <L.O.D. <L.O.D. 0.055 2066 649 0.016 261 0.125 
 
310 1.05 <L.O.D. 162 10.11 <L.O.D. <L.O.D. 0.039 2300 658 0.011 263 0.715 
 
260 0.814 <L.O.D. 149 5.89 <L.O.D. <L.O.D. 0.048 3340 586 0.010 201 0.229 
Average 272 1.20 0.968 167 2.45 0.00 1.53 0.042 2375 560 0.013 253 0.603 
STD 63 1.70 0.000 10.6 2.46 0.00 0.178 0.013 422 169 0.003 19.8 0.641 
2SD 127 3.41 0.000 21.3 4.93 0.00 0.356 0.027 844 339 0.006 39.7 1.28 
 
 
 
 
  
181 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U 
15.7 133 37.6 264 137 60.8 176 24.7 112 14.0 25.9 2.13 8.48 0.756 0.007 0.235 76.3 0.030 0.329 
21.2 184 53.2 383 195 71.2 245 33.5 152 19.3 35.3 2.79 10.9 0.958 0.009 0.262 74.7 0.044 0.031 
14.8 140 41.6 309 159 63.0 213 30.0 143 19.0 35.7 2.87 11.1 0.979 0.010 0.261 73.4 0.029 0.005 
15.4 133 39.3 296 172 71.9 238 32.5 145 17.7 31.8 2.49 9.67 0.877 0.008 0.256 75.5 0.020 0.003 
14.9 121 36.8 296 189 74.2 274 36.8 161 19.6 33.0 2.39 8.85 0.753 0.008 0.258 65.6 0.012 0.001 
15.1 133 39.7 300 175 77.9 247 34.3 155 19.4 34.7 2.67 10.3 0.905 0.008 0.282 70.1 0.018 0.081 
13.0 128 41.0 332 223 93.5 330 44.3 191 22.7 38.9 2.89 10.8 0.966 0.012 0.286 74.7 0.022 0.004 
12.8 130 40.8 307 170 72.0 232 32.4 149 18.9 34.5 2.71 10.2 0.890 0.007 0.287 75.0 0.020 0.003 
10.1 124 42.9 345 203 80.2 288 41.3 195 25.6 47.0 3.63 13.8 1.18 0.010 0.284 61.6 0.010 0.035 
15.3 159 51.2 405 215 78.5 304 43.5 212 28.9 55.6 4.44 17.1 1.53 0.012 0.294 66.8 0.033 0.042 
22.5 222 65.6 465 210 78.4 292 44.0 230 33.5 69.2 5.92 24.2 2.22 0.011 0.265 74.7 0.059 0.010 
24.3 240 77.6 618 350 126 491 68.9 324 42.5 79.4 6.34 25.0 2.26 0.013 0.303 85.9 0.062 0.027 
19.6 192 61.2 482 257 91.9 358 51.1 250 33.7 63.6 4.98 19.1 1.68 0.011 0.318 87.4 0.040 0.006 
17.7 154 44.6 320 165 65.0 216 30.4 140 17.9 32.5 2.59 9.84 0.851 0.006 0.277 74.4 0.008 0.004 
23.7 231 67.2 464 219 77.9 272 39.0 189 25.0 48.5 4.11 16.4 1.49 0.009 0.275 76.9 0.031 0.006 
23.6 229 67.6 487 240 85.3 303 42.8 202 26.7 50.6 4.21 17.3 1.59 0.010 0.294 81.8 0.030 0.004 
39.6 285 74.4 505 239 88.5 295 40.7 187 23.7 44.9 3.75 15.7 1.46 0.007 0.283 75.7 0.034 0.007 
18.8 173 51.9 387 207 79.8 281 39.4 185 24.0 44.8 3.58 14.0 1.25 0.009 0.278 74.7 0.030 0.035 
6.67 49.5 13.5 96.8 47.7 14.7 68.8 9.81 49.2 7.09 14.4 1.22 5.03 0.470 0.001 0.019 6.35 0.014 0.076 
13.3 99.0 27.1 193 95.4 29.5 137 19.6 98.5 14.1 28.8 2.44 10.0 0.940 0.003 0.038 12.7 0.029 0.152 
 
 
 
 
  
182 
 
TC-21 Na Mg Al Si K Ti Fe Rb Sr Y Zr Mo Ba 
 
347 1.01 <L.O.D. 147 1.54 <L.O.D. <L.O.D. 0.047 1834 848 0.011 277 0.164 
 
133 0.750 0.085 151 4.00 <L.O.D. 3.00 0.029 6690 203 <L.O.D. 161 0.854 
 
131 0.705 <L.O.D. 143 3.41 <L.O.D. 1.59 <L.O.D. 6059 202 0.027 207 1.42 
 
166 1.30 <L.O.D. 138 5.97 <L.O.D. 1.38 0.042 5916 191 0.230 216 1.60 
 
218 1.86 <L.O.D. 152 9.28 0.066 3.88 0.062 5610 205 0.004 250 2.78 
 
136 2.98 0.480 133 2.17 <L.O.D. 4.88 <L.O.D. 5361 239 0.056 216 5.19 
 
254 0.736 <L.O.D. 163 7.11 <L.O.D. <L.O.D. 0.052 6997 256 <L.O.D. 197 1.40 
 
208 0.519 <L.O.D. 162 7.74 0.091 <L.O.D. 0.058 5878 288 0.007 181 0.962 
Average 199 1.23 0.282 149 5.15 0.079 2.95 0.048 5543 304 0.056 213 1.79 
STD 70 0.772 0.197 9.87 2.61 0.012 1.33 0.010 1488 207 0.079 34 1.46 
2SD 140 1.54 0.395 19.7 5.22 0.025 2.67 0.021 2977 415 0.159 69 2.92 
 
 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U 
19.9 203 65.7 512 276 98.9 395 56.2 273 36.9 70.1 5.66 22.4 2.06 0.010 0.278 76.3 0.061 0.007 
8.73 72.5 24.5 201 125 60.7 169 22.9 100 11.2 17.2 1.13 3.24 0.207 0.004 0.293 51.2 0.015 0.007 
7.04 65.7 23.4 194 120 58.5 162 22.3 97.0 11.1 17.1 1.13 3.38 0.214 0.004 0.372 61.6 0.047 0.025 
7.08 64.8 23.6 201 128 56.9 172 22.8 98.3 11.1 16.9 1.06 3.13 0.215 0.012 0.299 63.7 0.110 0.108 
7.34 72.4 27.1 234 147 61.2 198 24.8 101 11.3 16.6 1.00 3.06 0.229 0.005 0.354 69.0 0.037 0.011 
7.55 72.6 28.4 259 168 66.9 236 30.1 124 14.3 21.9 1.37 4.25 0.318 0.004 0.353 78.5 0.132 0.035 
8.61 84.3 31.7 278 185 86.9 253 33.6 142 15.6 23.0 1.38 4.06 0.250 0.006 0.418 62.9 0.017 0.005 
8.40 76.0 29.5 277 199 92.4 296 39.8 170 19.1 28.4 1.73 4.80 0.296 0.007 0.415 55.8 0.016 0.004 
9.34 89.0 31.7 270 168 72.8 235 31.6 138 16.3 26.4 1.81 6.05 0.474 0.007 0.348 64.9 0.054 0.025 
4.06 43.6 13.1 97.2 49.0 15.9 74.6 10.9 56.6 8.22 16.9 1.47 6.22 0.601 0.002 0.050 8.80 0.041 0.032 
8.12 87.2 26.2 194 98.1 31.9 149 21.9 113 16.4 33.9 2.94 12.4 1.20 0.005 0.100 17.6 0.083 0.065 
  
183 
 
TC-24 Na Mg Al Si K Ti Fe Rb Sr Y Zr Mo Ba 
 
184 1.50 <L.O.D. 134 4.72 0.073 1.97 0.021 5854 194 0.018 197 2.50 
 
321 3.26 0.806 139 16.66 0.141 4.58 0.078 4991 252 0.013 229 2.47 
 
141 0.82 <L.O.D. 137 3.88 <L.O.D. 1.04 0.036 5318 181 0.002 219 1.05 
 
210 1.21 <L.O.D. 139 11.18 <L.O.D. 2.32 0.059 4383 224 0.005 240 1.78 
 
139 4.20 0.086 136 2.87 0.082 8.44 0.024 5049 243 0.029 242 2.85 
 
283 2.34 0.222 147 18.55 <L.O.D. 5.38 0.105 4492 243 0.005 250 3.81 
 
159 1.79 0.117 139 1.84 <L.O.D. 5.53 0.019 5100 244 0.098 194 2.59 
Average 205 2.16 0.308 139 8.53 0.099 4.18 0.049 5027 226 0.024 224 2.44 
STD 66.2 1.11 0.292 3.78 6.39 0.030 2.38 0.030 459 25.6 0.031 20.3 0.796 
2SD 132 2.22 0.584 7.56 12.7 0.060 4.76 0.061 918 51.2 0.062 40.6 1.59 
 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U 
6.55 54.7 19.4 171 116 46.8 166 20.5 84.2 9.41 14.5 0.977 3.22 0.254 0.002 0.341 61.0 0.069 0.186 
8.99 77.8 26.7 226 148 57.2 206 25.8 108 12.3 19.9 1.37 4.55 0.352 0.003 0.364 52.3 0.062 0.017 
7.13 63.2 21.5 175 106 49.9 144 18.4 76.3 8.54 13.0 0.836 2.80 0.212 0.003 0.365 58.7 0.020 0.007 
9.97 81.8 26.4 208 126 54.6 171 22.0 94.3 11.05 18.2 1.32 4.68 0.368 0.003 0.407 60.3 0.028 0.008 
10.3 84.1 28.0 228 142 56.6 189 24.8 106 12.5 20.9 1.58 6.00 0.500 0.003 0.422 87.8 0.094 0.178 
11.1 90.6 29.6 240 148 58.1 193 25.2 108 12.8 21.5 1.62 6.06 0.499 0.003 0.429 74.5 0.054 0.018 
9.83 83.2 29.0 250 165 64.5 226 29.4 123 14.3 23.2 1.67 5.85 0.440 0.005 0.442 75.2 0.062 0.050 
9.13 76.5 25.8 214 136 55.4 185 23.7 100 11.5 18.8 1.34 4.74 0.375 0.003 0.396 67.1 0.056 0.066 
1.57 11.8 3.58 28.5 18.9 5.33 25.1 3.4 15.0 1.88 3.48 0.302 1.23 0.104 0.000 0.035 11.4 0.023 0.074 
3.14 23.7 7.16 57.1 37.8 10.6 50.3 6.8 30.1 3.76 6.96 0.604 2.46 0.209 0.001 0.071 22.9 0.046 0.148 
 
 
  
184 
TC-25 Na Mg Al Si K Ti Fe Rb Sr Y Zr Mo Ba 
 
138 1.19 <L.O.D. 154 4.55 <L.O.D. 0.82 0.029 6649 152 0.165 155 1.33 
 
164 2.90 0.523 139 3.21 0.157 3.83 0.031 4959 234 0.116 181 2.00 
 
114 3.18 0.136 174 0.80 <L.O.D. 3.52 0.030 5079 206 0.016 208 3.60 
 
185 2.39 <L.O.D. 166 5.99 <L.O.D. 4.64 0.037 4907 229 0.012 213 3.10 
 
173.9 2.49 0.229 166 4.98 0.100 7.20 0.029 6202 227 0.033 255 2.73 
 
141 1.75 0.473 161 2.00 <L.O.D. 2.00 0.021 4976 233 0.019 204 1.89 
 
178 3.07 <L.O.D. 159 5.66 <L.O.D. 3.79 0.042 4839 231 0.035 217 2.56 
 
201 1.89 <L.O.D. 154 8.70 <L.O.D. 1.02 0.044 8763 217 0.012 152 1.14 
 
292 4.01 1.237 163 18.9 0.233 5.03 0.085 4674 217 0.014 209 2.43 
 
221 2.74 0.109 240 9.57 <L.O.D. 3.23 0.042 6888 191 0.018 160 2.83 
 
117 3.60 0.505 159 1.84 0.391 5.38 0.023 6238 227 13.2 195 4.74 
Average 175 2.66 0.459 167 6.02 0.220 3.68 0.038 5834 215 1.248 195 2.58 
STD 48 0.79 0.356 24 4.85 0.109 1.81 0.016 1202 23.3 3.807 29.7 0.978 
2SD 97 1.58 0.713 48 9.71 0.218 3.63 0.033 2405 46.7 7.614 59.4 1.95 
 
 
 
 
 
 
 
  
185 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U 
4.80 40.3 13.6 115 73.5 33.8 104 13.2 55.2 6.10 9.19 0.604 1.72 0.115 0.003 0.284 33.9 0.046 0.162 
7.53 62.6 20.8 170 108 42.0 152 19.9 87.0 10.2 16.3 1.15 3.54 0.243 0.002 0.273 40.9 0.070 0.222 
9.05 63.5 18.6 142 86.7 37.3 119 15.9 70.2 8.29 13.9 1.04 3.49 0.252 0.002 0.321 79.4 0.079 0.083 
9.39 67.7 20.3 157 93.1 40.8 129 17.4 77.2 9.30 15.7 1.17 4.03 0.310 0.001 0.328 66.0 0.073 0.050 
8.39 66.8 21.1 173 110 49.2 158 20.5 86.7 9.78 15.2 0.984 3.24 0.233 0.002 0.304 65.5 0.055 0.163 
7.19 60.4 20.2 174 117 44.8 168 21.5 91.3 10.6 17.2 1.22 4.09 0.306 0.003 0.314 48.5 0.045 0.040 
8.09 65.4 20.7 167 103 43.0 144 18.8 82.0 9.61 16.0 1.16 3.94 0.292 0.002 0.318 47.5 0.060 0.084 
8.46 66.5 20.3 158 95.5 51.1 131 17.7 76.7 8.55 12.7 0.834 2.32 0.138 0.003 0.338 45.6 0.024 0.017 
9.41 68.8 20.6 156 92.0 40.1 124 16.4 72.9 8.60 14.5 1.08 3.73 0.280 0.002 0.300 57.0 0.065 0.018 
8.46 60.5 17.9 135 81.4 42.4 112 15.0 65.2 7.38 11.6 0.825 2.79 0.202 0.001 0.283 61.8 0.060 0.046 
8.40 59.8 18.6 151 107 45.5 160 20.8 86.6 9.79 15.5 1.14 4.06 0.336 0.237 0.299 72.3 0.247 8.232 
8.11 62.0 19.3 154 97.4 42.7 136 17.9 77.4 8.93 14.3 1.02 3.36 0.246 0.023 0.306 56.2 0.075 0.829 
1.23 7.49 2.08 17.2 13.0 4.70 20.1 2.52 10.4 1.26 2.25 0.183 0.744 0.067 0.067 0.019 13.4 0.056 2.34 
2.46 14.9 4.17 34.4 26.0 9.41 40.3 5.04 20.8 2.53 4.51 0.367 1.48 0.134 0.134 0.038 26 0.112 4.68 
 
WGS-1 Na Mg Al Si K Ti Rb Sr Y Mo 
 315 0.553 <L.O.D. 157 3.74 <L.O.D. 0.066 2068 554 339 
 274 0.636 <L.O.D. 153 0.98 <L.O.D. 0.044 1994 503 355 
 273 1.188 <L.O.D. 150 <L.O.D. <L.O.D. 0.036 1967 445 308 
 352 1.001 <L.O.D. 146 2.80 <L.O.D. 0.083 2031 583 358 
 445 0.356 <L.O.D. 131 1.62 <L.O.D. 0.071 2278 742 400 
 268 0.937 <L.O.D. 134 1.64 <L.O.D. 0.052 1740 409 240 
 266 1.307 <L.O.D. 143 7.53 <L.O.D. 0.078 1770 338 234 
 262 0.980 <L.O.D. 128 1.11 <L.O.D. 0.048 1752 407 224 
 284 0.840 <L.O.D. 125 3.00 <L.O.D. 0.062 1939 454 301 
Average 304 0.866 0 141 2.80 0 0.060 1949 493 307 
STD 57 0.000 0 11.0 2.01 0 0.015 165 114 59.0 
2SD 114 0.000 0 21.9 4.01 0 0.030 331 227 118.0 
  
186 
 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Re Pb Th U 
17.7 183 56.3 413 215 75.8 274 40.7 193 25.7 43.9 3.30 11.0 0.943 0.005 0.199 1.16 112 0.018 <L.O.D. 
17.2 165 51.9 397 226 79.7 309 44.0 198 25.0 38.5 2.60 8.18 0.687 0.008 0.210 1.18 108 0.029 0.001 
20.2 169 49.9 374 204 73.3 277 39.9 181 23.9 37.7 2.71 9.04 0.777 0.007 0.211 1.08 120 0.042 <L.O.D. 
10.2 130 45.9 363 201 72.2 271 41.2 200 27.8 48.5 3.68 12.6 1.07 <L.O.D. 0.238 1.19 114 <L.O.D. 0.004 
32.6 320 93.1 615 269 92.5 341 51.3 250 34.5 58.2 4.17 13.4 1.19 0.007 0.221 1.14 118 0.021 0.004 
16.7 154 48.1 383 232 82.5 313 44.5 193 24.2 40.0 2.94 10.7 0.953 0.004 0.267 2.01 109 0.063 0.014 
16.1 144 43.6 337 195 71.8 261 37.3 161 19.9 32.9 2.47 8.87 0.769 <L.O.D. 0.272 2.03 113 0.021 0.002 
18.4 170 52.5 408 233 82.9 308 43.7 188 23.3 38.3 2.88 10.4 0.900 0.005 0.218 1.92 105 0.021 <L.O.D. 
21.4 181 52.8 398 220 76.2 297 41.7 184 23.3 37.1 2.48 8.04 0.693 <L.O.D. 0.257 1.95 98.5 0.029 0.003 
18.9 180 54.9 410 222 78.5 295 42.7 194 25.3 41.7 3.03 10.2 0.887 0.006 0.233 1.52 111 0.031 0.005 
5.66 52.2 14.0 75.9 21.1 6.30 24.3 3.71 22.6 3.82 7.17 0.551 1.79 0.162 0.001 0.025 0.413 6.23 0.014 0.004 
11.3 104 28.0 152 42.1 12.6 48.6 7.43 45.1 7.64 14.3 1.10 3.58 0.324 0.003 0.051 0.827 12.5 0.0285 0.009 
 
HWY-1 Na Mg Al Si K Ti Rb Sr Y Mo 
 
305 1.259 <L.O.D. 135 3.11 <L.O.D. 0.070 1939 502 291 
 
412 1.043 <L.O.D. 151 2.22 0.129 0.062 2135 744 392 
 
307 1.475 <L.O.D. 140 2.67 <L.O.D. 0.057 2117 504 320 
 
388 1.955 0.368 136 4.28 <L.O.D. 0.084 2124 602 345 
 
328 1.812 <L.O.D. 152 3.75 0.091 0.064 2141 539 341 
 
362 0.836 <L.O.D. 155 1.97 <L.O.D. 0.063 2361 778 428 
 
392 0.925 <L.O.D. 184 2.46 <L.O.D. 0.073 2229 739 349 
Average 356 1.33 0.368 150 2.92 0.110 0.068 2149 630 352 
STD 40.1 0.403 0.000 15.6 0.778 0.019 0.008 118 112 41.9 
2SD 80.3 0.807 0.000 31.2 1.56 0.038 0.017 236 224 83.8 
 
  
187 
 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Re Pb Th U 
16.8 164 49.6 344 158 59.5 196 31.1 163 23.9 45.5 3.81 14.09 1.232 0.004 0.217 1.15 106 0.030 0.011 
40.2 328 86.8 551 225 80.5 280 44.5 230 33.5 61.2 5.00 17.73 1.619 0.007 0.222 1.17 119 0.051 0.001 
28.3 239 64.3 415 171 59.9 202 31.2 162 23.6 44.6 3.73 13.6 1.21 <L.O.D. 0.216 1.09 109 0.039 0.002 
34.4 278 73.6 475 195 67.5 231 36.3 189 27.8 51.9 4.40 15.8 1.42 0.006 0.200 1.09 112 0.036 0.003 
30.6 242 67.5 451 194 66.1 225 33.9 175 25.6 49.5 4.33 16.4 1.509 0.006 0.216 1.12 109 0.032 0.013 
47.5 360 89.7 546 210 74.4 253 40.3 219 33.3 64.7 5.55 21.03 1.958 0.007 0.216 1.11 125 0.062 0.003 
38.0 310 78.7 508 192 66.0 236 38.7 209 31.7 65.7 5.58 22.7 2.106 <L.O.D. 0.252 2.32 121 0.041 0.001 
33.7 274 72.9 470 192 67.7 232 36.6 192 28.5 54.7 4.63 17.3 1.58 0.006 0.220 1.29 114 0.042 0.005 
9.07 60.9 12.8 68.7 20.8 6.99 26.7 4.59 25.4 4.01 8.32 0.708 3.17 0.318 0.001 0.015 0.420 6.67 0.010 0.005 
18.1 122 25.7 137 41.6 14.0 53.5 9.17 50.7 8.01 16.6 1.42 6.34 0.64 0.002 0.029 0.84 13.3 0.021 0.009 
 
TC-16-01 Na Mg Al Si K Ti Rb Sr Y Mo 
 139 1.39 <L.O.D. 145 <L.O.D. 0.161 0.031 5434 249 194 
 249 0.768 <L.O.D. 141 <L.O.D. <L.O.D. 0.032 2842 428 108 
 162 1.98 11.0 302 29.5 0.192 0.063 4752 283 193 
 162 0.515 <L.O.D. 165 <L.O.D. <L.O.D. 0.024 3207 248 216 
Average 178 1.16 11.0 188 29.5 0.177 0.038 4059 302 178 
STD 42.1 0.569 0.0 66.3 0.0 0.016 0.015 1070 74.1 41.3 
2SD 84.1 1.14 0.0 133 0.0 0.031 0.030 2140 148 82.6 
 
 
 
  
188 
 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Re Pb Th U 
12.2 100 30.3 225 112 38.7 143 20.7 96 12.3 22.3 1.90 7.88 0.707 <L.O.D. 0.267 2.23 147 0.114 0.087 
22.3 193 52.2 350 161 59.1 205 31.8 154 20.8 38.9 3.23 12.9 1.16 0.004 0.239 1.94 99.1 0.056 0.008 
12.4 106 33.5 255 137 49.0 174 25.3 115 14.9 26.1 2.18 9.02 0.797 <L.O.D. 0.249 2.18 111 0.099 0.250 
11.0 101 31.2 227 115 39.4 139 20.1 94 12.0 21.9 1.83 6.92 0.574 <L.O.D. 0.244 2.05 106 0.024 0.004 
14.5 125 36.8 264 131 46.6 165 24 115 15.0 27.3 2.29 9.19 0.810 0.004 0.250 2.100 116 0.073 0.087 
4.55 39.3 8.97 50.9 19.7 8.31 26.6 4.68 24.1 3.53 6.89 0.561 2.29 0.217 0.000 0.011 0.113 18.5 0.036 0.100 
9.1 78.7 17.9 102 39.4 16.6 53.3 9.37 48.2 7.07 13.8 1.12 4.57 0.43 0.000 0.021 0.23 37.0 0.071 0.199 
 
HWY-3 Na Mg Al Si K Ti Rb Sr Y Mo 
 
268 1.79 <L.O.D. 155 1.07 <L.O.D. <L.O.D. 1813 371 257 
 
491 3.17 <L.O.D. 162 4.50 <L.O.D. 0.075 1885 722 446 
 
610 3.61 <L.O.D. 166 7.63 <L.O.D. 0.104 2179 706 389 
 
212 6.72 0.182 190 0.975 0.260 0.027 1485 270 310 
 
305 1.19 <L.O.D. 154 1.15 <L.O.D. 0.038 2070 447 401 
 
475 0.696 0.195 168 2.67 0.116 0.063 2336 678 419 
 
568 0.897 <L.O.D. 156 10.5 0.078 0.087 2232 795 425 
 
292 1.47 <L.O.D. 176 5.70 <L.O.D. 0.065 2087 358 362 
 
424 1.28 <L.O.D. 132 7.80 0.127 0.103 2002 578 377 
 
574 1.12 <L.O.D. 162 3.22 <L.O.D. 0.091 2186 1000 424 
 
455 0.916 <L.O.D. 147 2.60 <L.O.D. 0.067 2160 692 375 
 
493 0.572 <L.O.D. 155 2.96 <L.O.D. 0.090 2171 1059 456 
 
422 1.36 <L.O.D. 133 3.29 0.116 0.062 2051 490 346 
 
357 0.693 <L.O.D. 155 3.41 <L.O.D. 0.072 2125 674 301 
Average 425 2 0 158 4.11 0.139 0.073 2056 631 378 
STD 118 2 0 14.7 2.74 0.063 0.022 205 223 56.0 
2SD 237 3 0 29.3 5.48 0.125 0.044 410 446 112 
  
189 
 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Re Pb Th U 
18.2 152 44.6 347 214 77.8 294 41.7 177 21.3 35.2 2.63 9.72 0.874 0.004 0.250 2.16 121 0.021 <L.O.D. 
42.4 373 90.5 536 191 67.4 257 41.2 209 29.6 54.6 4.14 14.5 1.24 <L.O.D. 0.256 2.07 102 0.078 0.005 
35.3 338 92.5 594 247 85.8 336 50.1 236 31.2 51.5 3.55 11.6 0.956 <L.O.D. 0.241 2.07 126 0.064 0.004 
12.8 124 37.5 281 161 57.2 216 30.6 128 15.2 23.5 1.63 5.39 0.446 <L.O.D. 0.256 1.97 109 0.213 0.432 
19.6 212 60.2 406 185 67.5 250 36.3 157 18.7 28.1 1.76 5.22 0.419 <L.O.D. 0.247 2.02 115 0.024 0.015 
26.4 302 96.5 717 369 125 502 69.5 287 33.4 48.5 2.95 8.75 0.685 <L.O.D. 0.254 2.05 135 0.044 0.006 
24.6 323 105 760 371 127 506 72.9 307 36.6 53.2 3.15 9.17 0.724 0.007 0.245 1.96 119 0.039 <L.O.D. 
16.7 156 46.8 359 213 72.1 293 40.9 166 19.0 29.7 1.99 6.87 0.600 <L.O.D. 0.267 2.03 118 0.018 <L.O.D. 
20.4 201 62.2 491 300 104 439 62.6 263 31.8 48.8 3.27 10.7 0.912 <L.O.D. 0.274 2.04 114 0.032 <L.O.D. 
39.2 404 112 725 301 108 428 66.7 317 43.7 74.0 5.06 16.8 1.38 <L.O.D. 0.222 1.97 119 0.084 0.003 
37.1 314 91.5 665 359 121 474 69.0 301 37.2 62.5 4.73 17.2 1.50 0.006 0.246 1.91 123 0.054 <L.O.D. 
57.3 489 122 739 289 104 390 61.9 310 43.1 76.6 5.71 19.1 1.67 <L.O.D. 0.245 2.01 120 0.124 0.001 
21.4 209 63.0 483 283 97.6 384 54.0 226 26.7 41.3 2.85 9.87 0.815 <L.O.D. 0.257 2.01 107 0.036 0.020 
27.3 245 71.6 525 259 95.2 334 50.8 243 33.3 58.6 4.30 15.0 1.314 0.005 0.267 2.18 116 0.048 0.001 
28.5 274 78.3 545 267 93.5 365 53.4 238 30.1 49.0 3.41 11.4 0.967 0.006 0.252 2.03 117 0.063 0.054 
11.8 103 25.7 154 66.9 22.0 92.6 13.3 60.8 8.60 15.6 1.20 4.29 0.380 0.001 0.012 0.071 7.91 0.050 0.134 
23.7 205 51.5 308 134 43.9 185 26.7 122 17.2 31.3 2.40 8.57 0.760 0.002 0.025 0.142 15.8 0.100 0.267 
  
190 
Appendix D 
 
Sample Rb (ppm) Sr (ppm) 87Sr/86Sr ± 
Date 
Analyzed 
Hwy-1 0.324 1762 0.701316 0.000003 Mar-18 
HWY-1-1 0.108 1406 0.701411 0.000003 May-18 
HWY-1-3 0.162 2147 0.701553 0.000003 May-18 
Hwy-3 0.179 1831 0.701235 0.000005 Mar-18 
TC-2 0.135 4803 0.701243 0.000005 Mar-18 
TC 2-1 0.220 2364 0.701270 0.000005 May-18 
TC 2-2 0.190 1421 0.701300 0.000004 May-18 
TC 2-3 0.100 2725 0.701250 0.000004 May-18 
TC-3 0.128 2832 0.701163 0.000005 Mar-18 
TC-7 0.096 3505 0.701204 0.000004 Mar-18 
TC-8 0.145 2834 0.701230 0.000004 Mar-18 
TC-9 1.722 4046 0.701413 0.000004 Mar-18 
TC-10 0.207 3036 0.701453 0.000004 Mar-18 
TC10-2 0.423 2530 0.701797 0.000004 May-18 
TC-12 0.109 2867 0.701259 0.000003 Mar-18 
TC-13 0.163 2984 0.701278 0.000003 Mar-18 
TC-20 0.341 2850 0.701464 0.000003 Mar-18 
TC-21 0.768 2964 0.701410 0.000003 Mar-18 
TC-24 0.588 4527 0.701413 0.000003 Mar-18 
TC-25 0.113 5143 0.701325 0.000004 Mar-18 
WR TC-02 43.7 1403 0.706485 0.000005 Mar-18 
WR TC-21 29.3 366 0.719287 0.000005 Mar-18 
BCR-2   0.705050 0.000005 Mar-18 
BCR-2   0.705001 0.000003 May-18 
 
 
  
191 
Appendix E 
Sample Rb Sr Y Zr Nb Mo Sn Ba Ta Th U 
Hwy-1 0.325 1762 492 2.22 6.01 15.3 0.114 63.6 24.02 206.62 368.89 
Hwy-3 0.180 1832 517 1.73 6.20 15.3 0.015 24.2 25.28 236.06 451.95 
TC-2 0.135 4803 261 2.08 14.2 9.77 0.111 6.54 10.58 101.66 281.50 
TC-3 0.129 2833 314 1.29 1.88 15.4 0.046 3.14 14.52 134.67 280.19 
TC-7 0.097 3506 234 4.68 9.16 23.2 0.046 54.9 10.07 94.19 227.05 
TC-8 0.145 2835 203 5.32 8.40 8.18 0.065 68.8 8.38 81.10 191.90 
TC-9 1.722 4046 243 12.2 8.70 8.84 0.066 829 10.55 97.96 226.73 
TC-10 0.208 3036 233 4.68 9.33 12.8 0.082 65.2 9.21 90.39 236.84 
TC-12 0.109 2868 323 1.78 9.06 14.0 0.068 162 14.74 133.37 286.65 
TC-13 0.164 2985 322 2.19 8.52 10.6 0.016 39.7 14.72 136.73 308.18 
TC-20 0.341 2851 349 3.08 4.78 12.5 0.045 134 17.23 138.99 268.38 
TC-21 0.768 2965 267 9.94 8.28 12.9 0.108 64.4 16.33 120.93 253.03 
TC-24 0.589 4527 197 18.4 12.6 9.35 0.049 102 9.32 79.51 182.63 
TC-25 0.113 5144 190 4.85 12.0 10.4 0.124 71.0 8.90 76.37 170.05 
 
La Ce Nd Sm Eu Gd Tb Dy Ho Er Yb Lu Hf 
24.0 207 369 171 62.2 210 34.2 170 24.1 44.1 13.8 1.43 0.754 
25.3 236 452 226 83.9 291 45.8 207 26.3 44.4 12.5 1.27 0.865 
10.6 102 281 199 84.2 247 33.3 128 13.8 21.1 6.50 0.756 0.551 
14.5 135 280 162 70.0 196 30.0 130 15.6 26.6 9.76 0.987 0.564 
10.1 94.2 227 135 56.0 164 23.7 99.6 11.9 20.3 7.19 0.753 0.439 
8.38 81.1 192 111 43.4 131 18.6 81.6 9.89 17.1 5.66 0.589 0.459 
10.5 98.0 227 129 51.0 149 22.5 97.0 12.0 21.2 7.48 0.747 0.679 
9.21 90.4 237 155 61.4 187 26.2 110 12.6 19.5 6.13 0.631 0.541 
14.7 133 287 159 63.6 191 29.3 128 15.6 27.8 10.5 1.08 0.530 
14.7 137 308 178 73.9 216 32.3 138 16.8 28.3 9.70 1.00 0.608 
17.2 139 268 151 60.2 191 30.1 134 16.7 30.0 12.2 1.25 0.571 
16.3 121 253 143 56.6 172 25.4 112 14.3 24.6 8.55 0.822 0.712 
9.32 79.5 183 113 51.8 140 20.4 87.1 10.1 16.4 5.09 0.494 0.799 
8.90 76.4 170 104 50.1 130 19.1 82.5 9.55 15.6 4.66 0.441 0.416 
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Sample Rb Sr Y Zr Nb Mo Ba Ta Th U 
TC-1-1 0.111 1189 142 0.902 3.85 0.483 7.12 0.183 34.2 0.024 
TC-1-2 0.098 836 121 1.49 1.52 0.598 6.17 0.143 32.0 0.047 
TC-1-3 0.052 1306 70.7 0.823 2.05 0.425 2.61 0.088 23.0 0.019 
HWY-1-1 0.055 247 45.4 0.722 0.595 1.46 12.4 0.053 15.2 0.052 
HWY-1-2 0.211 1383 265 1.75 0.539 0.533 422 0.295 62.6 0.142 
HW1-3 0.082 577 69.3 1.75 0.961 0.908 320 0.083 21.3 0.131 
TC10-2 0.213 516 32.4 3.24 0.714 0.679 32.8 0.039 8.21 0.116 
 
La Ce Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf 
5.50 59.2 139 74.5 28.7 102 14.7 63.2 7.01 11.9 1.00 4.05 0.422 0.149 
4.90 51.7 118 61.5 23.5 77.6 11.0 48.1 5.84 10.1 0.856 3.50 0.358 0.138 
2.97 33.6 76.4 46.4 18.6 57.5 7.84 31.9 3.69 5.88 0.459 1.83 0.195 0.086 
2.69 25.4 42.9 19.8 7.08 23.4 3.66 17.7 2.43 4.34 0.349 1.31 0.130 0.052 
11.68 113 216 91.1 35.8 123 19.7 98.3 13.4 22.8 1.86 6.93 0.715 0.249 
3.53 33.6 60.3 28.8 10.4 35.5 5.58 27.5 3.82 6.85 0.550 2.04 0.206 0.097 
1.35 13.2 36.3 23.7 9.31 29.6 4.07 16.7 1.91 2.94 0.220 0.841 0.089 0.132 
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